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A searchable database consisting of compiled water reuse guidelines was created 
as a screening tool for decision-analysis for potential beneficial reuse in 1) irrigation,     
2) livestock watering, 3) aquaculture, and 4) drinking (potable) water.  Data compiled 
from literature for the four water reuses (FWR) yielded guideline values for over 50 
water quality parameters, including concentrations of inorganic and organic constituent  
as well as general water chemistry parameters.  These water quality g idelines can be 
used to identify constituents of concern in water, to determine levels to which 
constituents must be treated for water reuse applications, and to assess the suitability of 
treated water for reuse.    
In addition to water quality, water quantity was also assessed.  Water volumes 
required for producing 16 different crops in 14 countries were estimated as an exampl  of 
assessing water quantity in the decision-making process regarding potetial for water 
reuse.  Calculations were made to assist in crop planning by estimating land and water 
requirements for growing a specific crop in a particular country.  Among the crops and 
countries investigated, the crops producing the highest yields in terms of weight p r water 
volume are tomatoes in Australia, Brazil, Italy, Japan, Turkey, USA; sugar cane in Chad, 
India, Indonesia, Sudan; watermelons in China; lettuce in Egypt, Mexico; and onions 
(dry) in Russia. 
Water quality data from an oilfield in Africa were compared with water quality 
guidelines for irrigating crops and watering livestock to identify constituents of concern 
(COCs) in produced water.  A parameter was considered a COC if its concentration was 
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greater than guideline concentration for the specific reuse purpose.  Based on the 
comparison, the following COCs were identified in the oilfield produced water: oil and 
grease, metals (Zn, Ni, Fe, Mn), F, and P.  A pilot-scale constructed wetland tretment 
system was designed and built based on biogeochemical pathways (i.e. sorption, 
oxidation, reduction) required for transferring and transforming the identified COCs to 
achieve target concentrations that meet water quality guidelines (less than 35 mg/L oil 
and grease, 1 mg/L zinc, 0.01 mg/L nickel, 0.2 mg/L iron, 0.02 mg/L manganese, 1 mg/L 
fluoride, and 0.05 mg/L phosphorus).  The system design allows parameters (i.e. 
hydraulic retention time and organic content of the hydrosoil) to be adjusted to promote 
the conditions needed to achieve maximum removal of COCs by the identified 
biogeochemical pathways.  The pilot-scale treatment system consisted of three series of 
wetland cells, with four cells in each series.  Two series of subsurface flow wetland cells 
were constructed with each cell having a two-layer hydrosoil of pea gravel and medium-
sized gravel that was planted with P ragmites australis.  For performance comparison, a 
free water surface series was constructed, with each cell containing sand hydrosoil and 
planted with Typha latifolia.  Each series was given time for plant density and redox 
potential to stabilize.  The data demonstrated that the system was poised to treat 
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1.1.1 Water reuse 
Water scarcity is a worldwide issue that is becoming increasingly evident n many 
countries.  Approximately 70% of the renewable water resources are unavailable for 
human use (Postel, 2000; Shiklomanov, 2000).  Lack of a sufficient supply of water 
suitable for irrigation and drinking implies food shortages and health concerns for 
millions.  In addition, water scarcity can stifle the economy, fuel conflicts, and degrade 
the environment (Asano et al., 2007).   
A variety of underutilized waters could potentially be beneficially reused for 
numerous purposes.  The level of treatment required before reuse depends on the 
intended usage (de Koning et al., 2008).  Many countries have adopted guidelines for 
water quality that can be applied to treated water.  Guidelines are values established for 
specific parameters based on studies (e.g., toxicity and epidemiological) and field 
observations that typically represent the upper limit deemed safe for use by receiving 
organisms or receptors (i.e., plants and animals).  However, many factors influence th  
variability of guidelines among nations such as levels of technology, economic status, 




1.1.2 Oilfield produced water 
As the importance of water shortages grow along with interest in water reuse, 
interest has turned to non-traditional waters such as oilfield produced water (OPW).  This 
type of underutilized water is also known as oilfield brine, connate water, or formati n 
water is generated as a by-product during oil production (Roach et al., 1992; Ramirez, 
2002; Veil et al., 2004).  A large operating oilfield can produce several hundred thousand 
barrels of produced water daily (Collins, 1975), and it has been estimated that 
approximately 210 million barrels of produced water are generated daily around the 
world (Khatib and Verbeek, 2003).   
Although concentrations vary widely, OPWs may have constituents such as 
hydrocarbons (i.e. organic acids, polycyclic aromatic hydrocarbons, phenols, and 
volatiles), metals, salts, and radionuclides (Collins, 1975; Kemmer, 1988; Knight et al., 
1999; Veil et al., 2004).  Among the metals, zinc, lead, manganese, iron, and barium are 
common in produced water (Veil et al., 2004).  Produced water can also contain chemical 
additives which are mixed with the water during various stages of oil production (Veil et 
al., 2004).  For many of the constituents found in OPW, their concentrations may be 
highly elevated, and therefore exposure to these waters can potentially have advers
effects on organisms.   
The large volume of OPW poses several issues in management, treatment, and 
disposal.  A large fraction is used for additional recovery of oil in a technique known as 
pressure maintenance or secondary recovery, whereby some of the produced water is 
injected into the subsurface to displace the remaining oil (ICF Consulting, 2000; Hum et 
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al., 2006).  The high energy requirement and cost of these conventional techniques limit 
their widespread use (Veil et al., 2004).  Recently, there has been an increased interest in 
reusing produced water for both economic and management reasons.  To be considered 
for potential reuse, produced water needs be treated so that it meets water quality 
guidelines for the intended use.  
1.1.3 Constructed wetlands 
A constructed wetland treatment system is a cost efficient, low-maintenanc , nd 
environmentally-friendly alternative to conventional treatment of OPW.  It employs 
elements of natural wetlands (i.e. bogs, marshes, and swamps) such as saturated soil 
conditions and wetland plants (Economopoulou and Tsihrintzis, 2003) to treat various 
impaired waters, including municipal, industrial, agricultural, and landfill leachates 
(Reed, 1993; Hawkins et al., 1997; Huddleston et al., 2000; Murray-Gulde et al., 2003; 
Gasiunas et al., 2005; Noorvee et al., 2005; Lee et al., 2006;  Kanagy et al., 2008; 
Mooney and Murray-Gulde, 2008; Nelson and Gladden, 2008).  The appeal of using a 
constructed wetland system is that its design components (i.e. hydrosoil, plants, hydraulic 
retention time) can be modified to promote specific biogeochemical processes that will 
transfer and/or transform constituents of concern (Hawkins et al., 1997; Gillespie et al., 
2000; Murray-Gulde et al., 2003; Rodgers and Castle, 2008).  It has been demonstrated 
that constructed wetlands can effectively treat water associated with production of heavy 
oil, specifically for the oil fraction using a surface flow system planted with reeds (Ji et 
al., 2007).   
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1.2 Research Significance and Objectives 
Due to the inherent differences among existing water quality guidelines, there is a 
need for an acceptable range of guideline values that can be utilized for decision-making 
when dealing with specific water reuse issues.  A useful approach is to compile the 
guidelines into reuse categories and have an interactive way to make quick comparis ns 
of water quality data for various parameters of interest.  For beneficial reuse, water 
quantity requirements need also be considered.  
Given the dwindling supply of fresh water, it would seem more practical to use 
produced water for beneficial reuse rather than disposing of it.  A constructed wetland 
treatment system is a cost efficient, low-maintenance, and environmentally-friendly 
alternative to conventional treatments of OPW.  A well designed and constructed wetland 
system can potentially treat constituents in OPW to levels adequate for beneficial r use 
(i.e. irrigation, livestock watering, etc.).  The specific objectives of this research were:  
• Create a searchable water reuse database by compiling water quality g idelines 
for irrigation, livestock watering, aquaculture, and drinking (potable water). 
• Develop an interactive data comparison to assist in decisions regarding water 
treatment and potential beneficial reuse. 
• Estimate water quantity required for crop production as an example of assessing 
water quantity for potential reuse.   
• Characterize OPW from an oilfield site in Africa and identify the constituents of 
concern using water quality guidelines. 
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• Design and construct a pilot-scale constructed wetland system to treat constituents 
of concern in simulated OPW from Africa. 
• Monitor system. 
 
 
1.3 Organization of Thesis 
This thesis encompasses four chapters including the Introduction (Chapter 1) and 
the Conclusions (Chapter 4).  The body of this thesis is comprised of two independent 
chapters that are in manuscript format for submission to scientific journals for review and 
publication.  The manuscripts are: 
Chapter 2: Water quality guidelines and water quantity analysis: Applications to 
beneficial reuse decisions       
Chapter 3: Design and construction of a pilot-scale wetland treatment system bad 
on characteristics of a specific oilfield produced water and targeted 
biogeochemical processes 
Collectively, these manuscripts provide a working knowledge of how water can be reused 
for specific reuse purposes if treated to meet guidelines using constructed wetland 
systems that are designed and constructed to promote biogeochemical processes that 
would transfer/transform constituents of concern (COCs) to acceptable levels.  
The second chapter of this thesis concentrates on water quality guidelines for four 
water reuse purposes (i.e. irrigation, livestock watering, aquaculture, and drinking 
(potable) water).  Sources for the guidelines were obtained from both government and 
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non-government organizations.  Data compiled from literature for the four water reuses 
yielded over 50 water quality parameters, including concentrations of inorganic and 
organic constituents as well as general water chemistry parameters.  The searchable 
database consisting of compiled water reuse guidelines and interactive comparison 
worksheets called complied water reuse database (CWRD) is a Microsoft Excel 
spreadsheet, which can be found in the electronic appendix.  
 The third chapter of this thesis focuses on identifying COCs and setting up a 
constructed wetland system with design components necessary to treat simulated OPW 
from a specific site in Africa.  COCs were identified by comparing water quality data 
from a previously sampled oilfield site with water quality guidelines from CWRD 
compiled for irrigation and livestock watering.  Target concentrations were determined 
and used as a basis for the design and construction of a pilot-scale constructed wetland 
system to specifically treat simulated OPW from the site in Africa.  Redox and plant 
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WATER QUALITY GUIDELINES AND WATER QUANTITY ANALYSIS:  






A searchable database consisting of compiled water reuse guidelines was created 
as a screening tool for decision-analysis for potential beneficial reuse in 1) irrigation,     
2) livestock watering, 3) aquaculture, and 4) drinking (potable) water.  Data compiled 
from literature for the four water reuses (FWR) yielded guideline values for over 50 
water quality parameters, including concentrations of inorganic and organic constituent  
as well as general water chemistry parameters.  These water quality g idelines can be 
used to identify constituents of concern in water, to determine levels to which 
constituents must be treated for water reuse applications, and to assess the suitability of 
treated water for reuse.    
In addition to water quality, water quantity was also assessed.  Water volumes 
required for producing 16 different crops in 14 countries were estimated as an exampl  of 
assessing water quantity in the decision-making process regarding potetial for water 
reuse.  Calculations were made to assist in crop planning by estimating land and water 
requirements for growing a specific crop in a particular country.  Among the crops and 
countries investigated, the crops producing the highest yields in terms of weight per water 
volume are tomatoes in Australia, Brazil, Italy, Japan, Turkey, USA; sugar cane in Chad, 
India, Indonesia, Sudan; watermelons in China; lettuce in Egypt, Mexico; and onions 




Water scarcity is a worldwide issue that is becoming increasingly evident n many 
countries.  Furthermore, human water usage has broadened with the advent of 
industrialization and technological advances (Meyer and Helmer, 1996).  Water for basic 
needs such as drinking and cooking are rationed to meet other needs such as irrigation, 
livestock watering, manufacturing of material goods, and recreational activities.  
However, agriculture and industry use the largest quantity of water annually (Meyer and 
Helmer, 1996; Asano et al., 2007).  A global estimate showed that irrigation accounts for 
65% of water use while industry takes about 20% (Asano et al., 2007).   
Due to geography and climate variations around the world, approximately 70% of 
the renewable water resources are unavailable for human use (Postel, 2000; 
Shiklomanov, 2000).  Lack of a sufficient supply of water suitable for irrigation and 
drinking implies food shortages and health concerns for millions.  In addition, water 
scarcity can stifle the economy, fuel conflicts, and negatively impact the environment 
(Asano et al., 2007).  The global water supply is further stressed as human population 
continues to grow exponentially.  Consequently, there is an urgent need for both food and 
drinking (potable) water.   
A distinction is made between water reuse and water reclamation.  According to 
Asano et al. (2007), water reclamation is the process of treating wastewater to m et 
certain water quality criteria to render it usable, whereas water reuse is taking the water 
that has gone through the water reclamation process and using it for various purposes.  
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The goal of many previous water reclamation projects involved water reuse for non-
potable purposes such as urban, agricultural, and industrial reuse (USEPA, 2004).   
Water reuse is not a new concept.  Around the world, numerous projects have 
been implemented, and more are in the planning stages to treat various wastewater .  In 
2007, Spain alone had over 150 wastewater reuse projects in operation (Angelakis and 
Durham, 2008).  Other European countries such as Germany, Cyprus, Belgium, and 
Malta are also actively involved in water reuse projects (Angelakis and Durham, 2008).   
Japan and the United States combined have more than 3,300 operating water reuse 
facilities, while Australia alone has at least 450 active wastewater treatment projects for 
reuse purposes (Bixio et al., 2005).    
There are several advantages to water reuse.  One main advantage is that it can 
lessen the demands on dwindling fresh water supply.  During times of drought, it can 
serve as an alternative source of water.  Other indirect benefits include political and 
economic stability for a nation.  From a socio-economic standpoint, increasing water 
resources by reusing water can strengthen the infrastructure of a country and improve the 
lives of its people.   
A variety of impaired waters could potentially be reused in many applications. 
The level of treatment required before reuse depends on the intended usage (de Koning et 
al., 2008).   Numerous crops have been successfully grown with treated wastewater 
including over twenty crop types (Asano et al., 2007).  Application of the water for 
growing crops requires an understanding of crop water requirements as water demand 
differs among crops.  Another potential use of treated wastewater is in rearing animals 
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such as fish and livestock.  Studies are being done currently to assess the feasibility of 
maintaining aquaculture with reused water (Nijhawan and Myers, 2006).  Expanded uses 
of water for cultivating fish and raising livestock can provide another source of food for 
countries suffering from food shortages.      
Many countries have adopted guidelines or set standards for water quality for 
various uses.  Guidelines are values set for specific parameters based on studies (e.g. 
toxicity and epidemiological) and field observations that typically represent th  upper 
limit deemed safe for use by receiving organisms or receptors (i.e. plants and animals).  
The main difference between guidelines and standards is that guidelines are 
recommendations while standards are enforceable by law.  Commonly, standards apply to
potable water due to direct consumption by people.   
The aim of water quality management is to minimize health risks associated with 
either direct or indirect use of water.  The need for standards and guidelines in water 
quality stems from the need to protect human health.  In the United States, legislation 
related to water quality include the Clean Water Act (CWA), Safe Drinking Water Act 
(SDWA), and Water Pollution Control Act (WPCA).  The regulations apply to drinking 
water quality, discharge limits, and possible water reuse.   
No single set of guidelines is universally applicable.  Many factors, includi g the 
level of technology, economic status, relative associated risk, and field conditions, 
influence the variability of guidelines among nations (Asano et al., 2007; Bixio et al.,
2008).  Due to the inherent range among the available water quality guidelines, there is a 
need for an accepted set of guideline values that can be utilized for decision-making 
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when dealing with water reuse issues.  These guideline values are needed to identify 
constituents of concern, determine levels to which the constituents must be treated for 
water reuse, and assess water reuse applications following treatment.  For beneficial 
reuse, water quantity requirements must also be considered.  The objectives of this 
investigation were: 1) Create a searchable database by compiling water qu lity guidelines 
for irrigation, livestock watering, aquaculture, and drinking (potable water); 2) Develop 
an interactive data comparison to assist in decisions regarding water trement and 
potential beneficial reuse; and 3) Estimate water quantity required for crop production as 
an example of assessing water quantity in the decision-making process regarding 




2.3.1 Searchable Database of Water Quality Guidelines 
Existing water quality guidelines were compiled from government and non-
government reports, books, and journals.  The Internet proved useful in accessing 
published documents from several countries.  Government websites (.gov), organization 
websites (.org), ad websites maintained by university professors or specialists were 
carefully scrutinized before using as sources.  The guidelines and referencs were entered 
into a searchable database consisting of a Microsoft Excel spreadsheet wit  separate 
worksheets for four reuse purposes: irrigation, livestock watering, aquaculture, and 
 15
drinking.  Values for inorganic, organic, and various general chemistry parametes w r  
entered for each reuse purpose.   
2.3.2 Interactive Data Comparison for Water Quality Assessment 
A user interface for interactive data comparison was created within the searchable 
database.  Data comparisons are made between user-input data and water quality 
guidelines with respect to the appropriate parameter for the four water reuses (FWR).   
The users enter concentration data for constituents specific to their water composition.  
The values entered are then compared automatically to the guidelines, and the resul  is 
displayed as “ABOVE”, “BELOW”, “SAME”, or “NO DATA”.   
2.3.3 Water Quantity Required for Crop Production 
2.3.3.1  Data Compilation for Selected Crops and Countries 
Based on published data, water volume required for crop irrigation was estimated.  
In order to demonstrate the application for potential beneficial reuse, various crops and 
several countries were selected for investigation.  Data for average crop yield (hg/ha) by 
country (1997-2001) and crop water requirement (mm/crop period) by country were 
compiled from Chapagain and Hoekstra (2004).  Crop water requirement (CWR) is 
equivalent to the amount of water needed for evapotranspiration (also termed crop 
evapotranspiration) for one growing period (i.e. planting to harvesting) under standard 
conditions, whereby conditions are free of pests, nutrient, and water restrictions (Alle  et 
al., 1998).  In order to obtain CWR, Chapagain and Hoekstra (2004) summed daily crop 
evapotranspiration over the crop growing period.  Crop evapotranspiration is the product 
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of crop coefficient and reference evapotranspiration (equation 1, from Chapagain and 
Hoekstra, 2004).   
                                   ETc = K * ETo                                  (1) 
 where ETc = crop evapotranspiration (mm/day), 
               K = crop coefficient (dimensionless), and 
            ETo = reference evapotranspiration (mm/day). 
ETc includes evaporation due to solar radiation and transpiration by plants (Allen et al., 
1998).  K is a value that incorporates crop transpiration and soil evaporation, which 
varies with plant growth stage (i.e. initial, crop development, mid, and late-season) (Allen 
et al., 1998).  ETo varies by climate and is independent of crop type and soil 
characteristics (Chapagain and Hoekstra, 2004).    
2.3.3.2  Calculation of Water Volume Requirements and Crop Yields 
Compiled values of average crop yield and crop water requirement (CWR) were 
used in the calculations to quantify water requirements for the selected crops and 
countries.  The calculations incorporated one crop growth period to obtain the following: 
1) water volume (m3) required to grow one hectare of crop; 2) crop yield (kg) per 1000 
m3 (264,172 gal) water volume; 3) total water volume (m3) required per metric ton of 
crop produced; 4) daily water volume (m3) required per metric ton of crop produced; and 
5) land area (ha) required per metric ton of crop. 
Water volume required (m3) to grow one hectare of crop for one crop period was 
calculated by converting CWR from mm/crop period to m/crop period and then 
multiplying by 10,000 m2 , which equals one hectare, using the following equation: 
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                       Vw = (CWR) * (0.001 m/mm) * (10,000 m
2)                          (2) 
 where Vw = water volume (m
3 per ha per crop period), and 
        CWR = crop water requirement (mm/crop period).   
Crop yield (kg) per 1,000 m3 (264,172 gal) water volume during one crop growth period 
was calculated using equation 3: 
                               CY = (Cy/Vw) * 1000 * (kg/10 hg)                                         (3) 
where CY = crop yield (kg/1,000 m3), and 
           Cy = average crop yield (hg/ha) for 1997-2001 (Chapagain and Hoekstra, 2004). 
As shown by equation 3, crop yield (hg/ha) was divided by water volume (m3/ha), the 
result was multiplied by 1,000 to obtain hg/1,000 m3, which was then converted to 
kg/1,000 m3 by multiplying by kg/10 hg.  To calculate total water volume (m3) required 
per metric ton of crop production (TWV), the following equation was used:  
                   TWV = [CY * (metric ton/1,000 kg)]-1                                (4) 
Using this equation, kg/1,000 m3 (CY) was converted to m3/metric ton (TWV).  TWV is 
equivalent to average virtual water content as used by Chapagain and Hoekstra (2004).  
The approximate average daily water volume (m3) required per metric ton of crop 
production was calculated by dividing the TWV by the approximate duration of one plant 
growth period (Equation 5).   
          DWV = TWV/DPG            (5)  
where DPG = approximate duration of growth period (days). 
The DPG for each crop was obtained by averaging growth period values reported by 
Allen et al. (1998, Table 11).  Equation 6 was used to calculate the approximate land area 
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(ha) required per metric ton of crop (A).  In equation 6, the average crop yield (hg/ha) 
was inverted, and the result was converted to ha/metric ton by multiplying by 10,000 hg/ 
metric ton, whereby hg is hectogram (1 hg = 100 g). 




2.4.1 Searchable Database of Water Quality Guidelines 
The compiled water reuse database (CWRD) consists of nine individual 
worksheets: introductory explanation, one worksheet for each of the FWR (1)irrigation, 
2)livestock watering, 3)aquaculture, and 4)drinking water), common parameters, two 
interactive worksheets (user data and target data), and reference list (Figure 2.1). Each of 
the FWR worksheets lists water quality guidelines specific to that reuse purpose.  The 
common parameters worksheet lists guidelines for 36 parameters that occur for at least
two of the FWR.   
Data compiled from literature for the four water reuse purposes yielded a list of 
53 water quality parameters including inorganic and organic constituents of concern 
(COCs) as well as general water chemistry parameters (Table 2.1).  Included are 32 
parameters from 7 literature sources for irrigation, 28 parameters from 6 sources for 
livestock, 38 parameters from 9 sources for aquaculture, and 35 parameters from 8 
sources for drinking water quality.  The parameters are listed in alphabetical order for 
 19
ease of navigation.  The user has the option of scrolling down each worksheet or using 
the “FIND” feature in Microsoft Excel to locate parameters of interes.  
Table 2.1: Parameters in CWRD. 
 
Cations Anions Others** 
Aluminum* Chloride* Alkalinity 
Ammonium Cyanide* Benzene* 
Antimony* Fluoride* Benzo(a)pyrene* 
Arsenic* Nitrate* BOD* 
Barium Nitrite* Carbon dioxide 
Beryllium* Phosphate COD 
Boron* Sulfate* Dissolved oxygen 
Cadmium*  Hardness 
Calcium  Hydrogen sulfide 
Chromium*  Nitrogen 
Cobalt*  Oil and grease* 
Copper*  pH* 
Iron*  TDS* 
Lead*  Temperature 
Lithium  TSS 
Magnesium*  Turbidity* 
Manganese*   
Mercury*   
Molybdenum*   
Nickel*   
Phosphorus   
Potassium   
Selenium*   
Silver*   
Sodium*   
Thallium*   
Tin   
Uranium*   
Vanadium*   
Zinc*   
             * indicates inclusion in common parameter worksheet 






Figure 2.1: Layout of Excel spreadsheet (CWRD) for water reuse guidelines displaying 
nine worksheets.  
 
Guidelines are listed for individual cations and anions.  Organics reported include 
oil and grease and individual hydrocarbon compounds.  General chemistry parameters 
include pH, total dissolved solids (TDS), alkalinity, and dissolved oxygen (DO).  Units 
for values from the various references were converted to uniform units to promote ease of
comparison. 
Each water reuse worksheet contains three columns: parameter, concentration, 
and reference(s) (Figure 2.2).  Parameters and concentrations are color coded to promote 
ease of viewing.  References used as sources for guideline values are listed adjacent to 
the values.  The complete Microsoft Excel spreadsheet (CWRD) can be found in the 




Figure 2.2: Layout of compiled water reuse guideline displaying a portion of the 
“drinking” worksheet done in Microsoft Excel.  Alphabetical listing of parameters 
whereby the green indicates cation and orange stands for other compounds.   
 
The common parameter worksheet includes cations, anions, general water 
parameters, and a few organic compounds (Table 2.2).  The pH guideline for all FWR 
ranged from 4.5 to 9.5.  The guideline concentration of oil and grease, one of the 
common parameters, was 35 mg/L for irrigation and livestock.  However, the aquaculture 
limit for oil and grease was much less at 0.3 mg/L.  Concentration limits for TDS ranged 
from 500 mg/L for drinking water to 5,000 mg/L for livestock water.   
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For most parameters common to at least two of the four water reuse purposes, the 
concentrations were most conservative for aquaculture (i.e. most stringent; generally, the 
lowest concentration values) with the least conservative values for livestock (Table 2.2).  
For example, concentration guidelines for aluminum, cadmium, copper, lead, mercury, 
selenium, silver, and zinc are lower for aquaculture than for the other water reuse 
purposes.  One of the most stringent guidelines found in Table 2.2 is for mercury in 
aquacultural water, which is 0.026 µg/L (CCME, 2007).  A probable reason for such a 
strict limit is the concern of mercury bioaccumulation in fish tissue and ultimately in 
humans (USEPA, 1997).   
Oil and grease limits were not incorporated for drinking water because the limits 
are listed separately for specific polycyclic aromatic hydrocarbons.  The United States 
Environmental Protection Agency (USEPA) has subdivided the oil and grease category 
into specific components, each with its own maximum contaminant level (MCL), which 
represents the highest level of contaminant permissible for drinking water (USEPA, 
2003).  Most notable is benzo(a)pyrene because it is a known carcinogen in addition to 
causing other adverse effects on human health even with short term exposure at relatively 
low doses (USEPA, 2002).   The maximum contaminant level goal (MCLG) for 
benzo(a)pyrene is set at zero by the U.S. EPA (2003).  However, the MCL is set at 0.2 
µg/L in drinking water (USEPA, 2003).  In comparison, four other references reported 
0.01 µg/L as a concentration limit for benzo(a)pyrene in drinking water (EC, 1998; 
SAEPA, 1999-adapted from ANZECC, 1992; NHMRC and NRMMC, 2004; CIDWI, 
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2006).  The WHO drinking water guideline for benzo(a)pyrene is 0.7 µg/L, which is the 
least stringent value reported among references used for this study.       
Guideline concentrations of TDS are greater than those of other constituents, 
particularly for irrigation and livestock watering.  TDS guidelines are an order of 
magnitude higher for irrigation and livestock watering than for drinking water.   
The species and age of the receiving organism influence its tolerance for TDS.  TDS 
guideline concentrations for livestock range from 3,000 to 15,000 mg/L depending on the 
specific type of livestock (SAEPA, 1999-adapted from ANZECC, 1992; ANZECC and 
ARMCANZ, 2000; CCME, 2005).  Tolerance of TDS varies among crops, ranging from 
500 mg/L for carrots to 3,500 mg/L for wheat (CCME, 2005), with salt buildup in soil an 
important factor.  Guidelines for hardness and alkalinity are given in ranges (e. . 20-400 
mg/L means that any value within this range meets the guideline).  References cited on 
the CWRD can be consulted for more detailed explanation of parameters with ranges, as 
values given may be organism-specific and/or apply to certain chemical conditions (e.g. 
pH). 
Several parameters in the CWRD are pH dependent, such as concentration limits 
for aluminum and zinc (Table 2.2).  Aluminum guideline concentrations for aquaculture 
are based on pH of the water, while zinc guideline concentrations for irrigation deped on 
soil pH.  Although other parameters listed in Table 2.2 do not indicate pH dependence, 
they may be impacted by pH to some degree.  For example, concentrations of many 
metals in solution are pH-dependent (Brookins, 1988). 
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Table 2.2: Water quality guidelines of common parameters found among FWR1,2.   
 
 
Parameter Irrigation Livestock Aquaculture13 Drinking 
Aluminum 5c,e,h,j,k,n,p 5e,h,k,p 0.0057,j,s; 0.18,j,s 0.05 – 0.2l 
   0.017,d; 0.038,d 0.1 – 0.2o,u 
   0.03h 0.15h 
    0.2i,m,q 
Antimony - - 0.03j 0.003m 
    0.005i,q 
    0.006l,u 
    0.02o 
Arsenic 0.1c,e,h,j,k,n,p 0.025p 0.005s 0.007m 
  0.2e 0.05h,d,j,r 0.01h,i,l,o,q,u 
  0.5k  0.05j 
  1h   
Benzene - 0.01j 0.3j 0.001i,m,q 
   0.37s 0.005l 
    0.01o,j 
Benzo(a)pyrene - 0.00001j 0.000015s 0.00001i,j,m,q 
    0.0002l 
    0.0007o 
Beryllium 0.1c,e,h,j,k,n,p 0.1e,j,p - 0.004l 
BOD 10c - 15g - 
     
Boron 0.5c,h,k 5e,h,k,p - 0.5o 
 0.5 – 6p   1i,j,q 
 0.75n   4m 
Cadmium 0.0051p 0.01h,k 0.0002 – 0.0018h 0.002m 
 0.01c,e,h,j,k,n 0.05e 0.0002 – 0. 002j 0.003o 
  0.08p 0.003r 0.005h,i,j,l,q 
Chloride 100h - - 100h 
 100 – 700p   250i,l,m,q 
 178 – 710j    
 280c    
Chromium12 0.008p (VI) 0.0511,p 0.001s(VI) 0.05i,j,m,o,q 
 0.1c,e,n 1e,j,k 0.01j 0.1l 
 1j  0.02h (VI)  
   0.1r  
Cobalt 0.05c,e,h,j,k,n,p 1e,h,k,p - - 
Copper 0.2e,h,j,k,n 0.4 – 5k 0.002 – 0.004s 1h 
 0.2 – 1.0p 0.5e,j 0.002 – 0.005j 1.3l 
 0.4c 0.5 – 5p 0.005h 2i,m,o,q 
   0.006r  
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Table 2.2 (continued)  
 
 
Parameter Irrigation Livestock Aquaculture13 Drinking 
Cyanide 0.05c - 0.005d,j,r,s 0.05i,q 
    0.07o 
    0.1j 
    0.2l 
Fluoride  1e,j,k,n,p 2e,h,k 0.02a 1h 
 2c,h   1.5i,m,o,q,u 
    2l 
Iron 0.2k - 0.01d,h (II) 0.1h 
 1j  0.5r 0.2i,q 
 5c,e,h,n,p  1j 0.3l,m,u 
Lead 0.1c 0.1e,h,k,p 0.001 – 0.005j 0.01h,i,m,o,u 
 0.2h,j,p  0.001 – 0.007a,s 0.015l 
 2k  0.01h 0.025q 
 5e,n  0.03r 0.05j 
Magnesium - 250 – 500e 15d - 
  500h   
  600j   
Manganese 0.02h 0.05e 0.01d,r 0.05h,i,l,q,u 
 0.2 c,e,j,k,n,p 10h 0.1h 0.4o 
    0.5m 
Mercury 0.001c 0.002k 0.000026s 0.001h,i,j,m,o,q,u 
 0.002j,k 0.003p 0.00005r 0.002l 
  0.01e 0.0001j  
   0.001k  
Molybdenum 0.01c,e,h,j,k,n 0.01h,j 0.073s 0.05m 
 0.01 – 0.05p 0.15k  0.07o 
  0.5p   
Nickel 0.02c 1h,k,p 0.01k 0.02i,m,q 
 0.2e,h,j,k,n,p  0.015,r; 0.046,r 0.07o 
   0.015 – 0.15j 0.1j 
   0.025 – 0.15s  
   0.1d  
Nitrate 10c 100h 1 – 100r 10l 
  133j 13s 45j,u 
  400k 50g 50i,m,o,q 
   1330h  
Nitrite - 30k 0.06s 0.5i,q 
  33e,j,p 0.1b,d,r 1l 
   0.17h 3m,o 
    3.2j,u 
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Table 2.2 (continued) 
 
1Units in mg/L unless noted, 2 Values listed should be considered upper limits unless indicated otherwise, 
3Standard unit, 4Unit of nephelometric turbidity units (NTU), 5Soft water, 6Hard water, 
7Water pH < 6.5,8Water pH > 6.5,9Soil pH < 6.5, 10Soil pH > 6.5 , 11III or VI, 12Total chromium unless indicated otherwise, 
13Freshwater environment, 14Values outside range are unfit 
Sources: a(Tebbutt, 1977), b(Coche, 1981), c(Kalthem & Jamaan, 1985), d(Meade, 1989),  
e(Ayers & Westcot, 1994 -adapted from NAS, 1972), f(Lawson, 1995), g(Schlotfeldt & Alderman, 1995), h(DWAF, 1996), 
i(EC, 1998), j(SAEPA, 1999-adapted from ANZECC, 1992), k(ANZECC & ARMCANZ, 2000), l(USEPA, 2003),  
m(NHMRC & NRMMC, 2004), n(USEPA, 2004-adapted from Rowe & Abdel-Magid, 1995), o(WHO, 2004), p(CCME, 2005), 
q(CIDWI, 2006), r(QGEPA, 2006), s(CCME, 2007), t(Wilson, 2007), u(CDW, 2008) 
 
Parameter Irrigation Livestock Aquaculture13 Drinking 
Oil and Grease 35t 35t 0.3g - 
pH3,14 4.5 – 9.0j - 5.0 – 9.0k 6.0 – 9.0h 
 6.0n  6.5 – 9.0h,j,s 6.5 – 8.5l,m,u 
 6.0 – 8.4c  6.8 – 9.5r 6.5 – 9.5i 
 6.0 – 8.5k   6.5 – 10q 
 6.5 – 8.4h    
Selenium 0.02c,e,h,j,k,n 0.02k 0.001s 0.01i,j,m,o,q,u 
 0.02 – 0.05p 0.05e,h,p 0.01d 0.02h 
   0.3h(VI) 0.05l 
Silver - - 0.0001j,s 0.05j 
   0.003d 0.1l,m,o 
Sodium 70h 2000h - 100h 
    180m 
    200i,q 
Sulfate - 1000h,j,k,p - 200h 
    250i,l,o,q 
    500m,u 
TDS 500 – 2000n 3000p 3000f 450h 
 500 – 3500p 3000 – 13000k  500l,m,u 
  5000 – 15000j  1200o 
Thallium - - 0.004j 0.002l 
Turbidity4 1c - 25h 1i 
   80r 4q 
    5m 
Uranium 0.01h,j,k,p 0.2k,p - 0.015o 
    0.02m,u 
    0.03l 
Vanadium 0.1e,h,j,k,n,p 0.1e,j,p 0.1d - 
  1h   
Zinc 1h 20h,k 0.005d 3m,o 
 19,p; 510,p 24e 0.005 – 0.05j 5 l,u 
 2n,p,q,s 50p 0.03s  
 4c  0.03 – 0.065,r; 1 –26,r  
 27
2.4.2 Interactive Data Comparison for Water Quality Assessment 
The CWRD includes two worksheets titled “user_data” and “target_data” that are 
implemented in the interactive data comparison with water quality guidelines from the 
FWR.  Water concentration data are entered into the user_data worksheet, and the data 
are compared with guidelines contained in the target_data worksheet.  The two 
worksheets are nearly identical in terms of the layout, the display of 50 parameters 
arranged in alphabetical order, and the FWR columns (Figure 2.3 and 2.4).   
 
 
Figure 2.3: A portion of the interactive data comparison in user_data worksheet a par of 





Figure 2.4: A portion of the target_data worksheet as part of CWRD containing guideline 
values used to make comparisons within the user_data worksheet.  The most stringent 
guideline values for each parameter were selected from the FWR worksheets.  Blanks 
under the FWR columns show up as “NO DATA” in the user_data worksheet. 
 
The following equation embedded in the user_data worksheet compares 
concentration values entered by the user with guideline concentrations for each 
parameter:   
VLOOKUP(lookup_value,table_array,col_index_num,[range_lookup])           (7) 
The user_data worksheet automatically performs the comparison using the above 
equation upon entering a concentration value.  The result is displayed as “BELOW”, 
“ABOVE, “SAME”, or “NO DATA” under the FWR columns for the parameters of 
interest.  The guideline values in the target_data worksheet were selected to be the most 
stringent among the CWRD to provide a conservative comparison.    
Hypothetical data were entered in the concentration column of the user_data 
worksheet (Table 2.3) to demonstrate how data entered by the user are compared with 
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guideline values for the FWR from the target_data worksheet (Table 2.4).  For exampl , 
user input of 1 mg/L aluminum would result in the display of “BELOW” for irrigation 
and livestock and “ABOVE” for aquaculture and drinking water (Figure 2.3 and Table 
2.3).  Therefore, water containing 1 mg/L aluminum could be used for irrigation and 
livestock and not for aquaculture and drinking water according to CWRD guidelines.  
Table 2.3: Example of “user_data” worksheet within CWRD for interactive data 
comparison with water reuse guidelines for FWR to assist in identifying COCs.  
Concentration values represent a hypothetical data set. Values are compared with use 
guidelines to determine if concentrations are below, same, or above guideline values.
 
Parameter Concentration1 Irrigation Livestock Aquaculture Drinking 
Alkalinity2,4   100 No Data No Data Below No Data 
Aluminum      1 Below Below Above Above 
Ammonium      1 No Data No Data No Data Above 
Antimony    10 No Data No Data Above Above 
Arsenic      0.025 Below Same Above Above 
Barium      2 No Data No Data No Data Above 
Benzene      0.3 No Data No Data Same Above 
Benzo(a)pyrene      0.0001 No Data No Data Above Above 
Beryllium      0.01 Below Below No Data Above 
BOD    12 Above No Data Below No Data 
Boron      0.02 Below Below No Data Below 
Cadmium      1  Above Above Above Above 
Calcium      1 No Data Below No Data No Data 
Chloride   10 Below No Data No Data Below 
Chromium5      1 Above Above Above Above 
Cobalt      0.1 Above Below No Data No Data 
COD   20 No Data No Data Below No Data 
Copper      0.1 Below Below Above Below 
Cyanide      0.05 Same No Data Above Same 
DO4   10 No Data No Data Above No Data 
Fluoride      1 Same Below Above Same 
Hardness2,4 100 No Data No Data Below Below 
Hydrogen sulfide      0.002 No Data No Data Above No Data 
Iron      1 Above No Data Above Above 




Table 2.3 (continued) 
 
Parameter Concentration1 Irrigation Livestock Aquaculture Drinking 
Lithium     0.1 Above No Data No Data No Data 
Magnesium     5 No Data Below Below No Data 
Manganese     0.1 Above Above Above Above 
Mercury     0.003 Above Above Above Above 
Molybdenum     0.01 Same Same Below Below 
Nickel     0.5 Above Below Above Above 
Nitrate   20 Above Below Above Above 
Nitrite   10 No Data Below Above Above 
Nitrate-Nitrite   90 No Data Below No Data No Data 
Nitrogen     7 Above No Data No Data No Data 
Oil and grease   50 Above Above Above No Data 
Phosphate     4 No Data No Data Above No Data 
Phosphorus     0.2 Above No Data No Data No Data 
Potassium   70 No Data No Data No Data Above 
Selenium     0.004 Below Below Above Below 
Silver     0.005 No Data No Data Above Below 
Sulfate   80 No Data Below No Data Below 
TDS 120 Below Below Below Below 
Thallium     0.8 No Data No Data Above Above 
Tin     0.001 No Data No Data Same No Data 
TSS 100 Above No Data No Data No Data 
Turbidity3     1 Same No Data Below Same 
Uranium     0.03 Above Below No Data Above 
Vanadium     0.04 Below Below Below No Data 
Zinc     5 Above Below Above Above 
1 Concentration in mg/L, unless indicated otherwise 
2 Concentration in mg/L as CaCO3 
3 Unit of Nephelometric Turbidity Units (NTU)  
4 Median concentration used from a recommended range of suitable values  













Table 2.4: Reformatted “target_data” worksheet from CWRD with selected water reuse 
guidelines for four reuse purposes used in interactive data comparison 1, 7.  
 
Parameter Irrigation2 Livestock2 Aquaculture2 Drinking2 
Alkalinity3,5 - -  130 - 
Aluminum        5  5      0.005       0.05 
Ammonium - - -       0.5 
Antimony - -      0.03       0.003 
Arsenic  0.1       0.025      0.005       0.007 
Barium - - -       0.7 
Benzene - -      0.3 0.001 
Benzo(a)pyrene - -    0.000015     0.00001 
Beryllium  0.1   0.1 - 0.004 
BOD      10 -    15 - 
Boron  0.5 5 -       0.3 
Cadmium        0.0051     0.01      0.0002 0.002 
Calcium -  1000 - - 
Chloride    100 - -   100 
Chromium6  0.1     0.05      0.01       0.05 
Cobalt    0.05         1 - - 
COD - -    40 - 
Copper  0.2   0.4      0.002       1 
Cyanide    0.05 -      0.005       0.05 
DO5 - -      5 - 
Fluoride        1         2      0.02       1 
Hardness3,5 - -  150   200 
Hydrogen sulfide - -      0.001 - 
Iron  0.2 -      0.5       0.1 










Table 2.4 (continued) 
 
Parameter Irrigation2 Livestock2 Aquaculture2 Drinking2 
Lithium   0.07 - - - 
Magnesium -   250     15 - 
Manganese  0.02  0.05       0.01 0.05 
Mercury    0.001    0.002 0.000026    0.001 
Molybdenum  0.01  0.01 0.073 0.07 
Nickel  0.02       1       0.01 0.02 
Nitrate     10   100       1 10 
Nitrite -     30       0.06 0.05 
Nitrate-nitrite -   100 - - 
Nitrogen       5 - - - 
Oil and grease     35      35       0.3 - 
Phosphate - -       0.1 - 
Phosphorus  0.05 - - - 
Potassium - - -       50 
Selenium  0.02    0.02       0.001   0.01 
Silver - -  0.0001   0.05 
Sulfate - 1000 -     200 
TDS   500 3000 3000     450 
Thallium - - 0.004 0.002 
Tin - - 0.001 - 
TSS     10 - - - 
Turbidity4       1 -     25       1 
Uranium  0.01  0.2 -  0.015 
Vanadium 0.1  0.1       0.1 - 
Zinc        1      20 0.005       3 
1 Lower concentration selected among the range given in CWRD unless indicated otherwise 
2 Concentration in mg/L, unless indicated otherwise 
3 Concentration in mg/L as CaCO3 
4 Unit of Nephelometric Turbidity Units (NTU)  
5 Median concentration used from a recommended range of suitable values  
6 Total chromium 
7 Refer to database for references 
 
2.4.3 Water Quantity Required for Crop Production 
2.4.3.1  Data Compilation for Selected Crops and Countries 
 For representation of different geographic regions and climatic conditions, 14 
countries from around the world were selected for investigation: Australia, Brazil, Chad, 
China, Egypt, India, Indonesia, Italy, Japan, Mexico, Russia, Sudan, Turkey, and the 
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United States of America.  The following crops were selected based on global pr duction 
data or for their importance as a food source in impoverished, rural communities: rice 
(paddy), maize, soybean, wheat, sweet potatoes, potatoes, tomatoes, watermelons, lettuce, 
onion, sorghum, and millet (FAO, 2005).  Cassava was selected because it is the third 
largest source of carbohydrates for human consumption in the world, particularly 
prominent in Africa (Cleaver et al., 2008).  Seed cotton was selected since cotton 
constitutes approximately 40% of the total world fiber production (USDA, 2008) and is 
one of the most widely grown agricultural crops (Watkins and Sul, 2002).  Only crops 
with crop yield data available (from Chapagain and Hoekstra, 2004) for more than half of 
the selected countries were used for the analysis.  Average crop yields (hg/ha) by country 
for the 16 selected crops are listed in Table 2.5, and crop water requirements in Table 2.6.   
2.4.3.2 Water Volume Requirements and Crop Yields 
 The water volume required to grow one hectare of crop for the 16 selected crops 
ranges from 1,700 m3 (lettuce in India) to 19,980 m3 (sugar cane in Sudan) (Table 2.7).   
The crop yield per 1,000 m3 water volume ranges from 50 kg (millet in Sudan) to 14,330 
kg (tomatoes in USA) (Table 2.8).  Among the crops and countries investigated, the crop 
that produces the greatest yield in terms of weight per water volume is tomatoes in 
Australia, Brazil, Italy, Japan, Turkey, USA; sugar cane in Chad, India, Indonesia, Sudan; 
watermelons in China; lettuce in Egypt, Mexico; and onions (dry) in Russia (Table 2.8).  
The range of total water volume required per metric ton of crop produced is 70 m3 
(tomatoes in USA) to 20,202 m3 (millet in Sudan) (Table 2.9).  The volume of water 
required to produce a metric ton of a specific crop varies greatly among the countries.  
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For example, the volume of water required to produce a metric ton of crop is more than 
an order of magnitude greater for 8 of the crops in Sudan compared with the country in 
which the smallest volume of water is required.  The range for daily water volume 
required per metric ton of crop produced is 0.2 m3 (sugar cane in China and Japan) to 
165.6 m3 (millet in Sudan) (Table 2.10).  The approximate land area required per metric 
ton of crop ranges from 0.01 ha (sugar cane for Australia, Brazil, Chad, China, Egypt, 
India, Mexico, Sudan, and USA) to 4.38 ha (millet in Sudan) (Table 2.11).  In terms of 
land requirement among the 14 countries, sugar cane requires the least amount while 

































                   nr = not reported 
                   hg = hectogram 











Australia 19787 nr 248023 50828 12765 431889 307752 87873 
Brazil 20249 131162 nr 28554 nr 147638 165421 29202 
Chad nr 85138 nr   8684   4180 200000   66605 13271 
China 29588 159836 217277 47807 17932 206387 142580 62830 
Egypt 23459 nr 269091 74781 nr 259386 229849 88638 
India 19330 246268 65822 18279   8075 106707 177820 29892 
Indonesia nr 124024 nr 27078 nr 86705 148989 43340 
Italy 35782 nr 187883 95469 nr 295479 242186 60692 
Japan 34697 nr 246146 24579 10000 473747 313002 64774 
Mexico 20752 123239 201741 24477   7079 122723 222843 43723 
Russia 16491 nr nr 21260   9337 114351 103916 30199 
Sudan nr 17793 nr 6653   2282 70885  73261   9952 
Turkey 21981 nr 182914 41154 17164 214702 257001 55234 




























Tomatoes Watermelons Wheat 
Australia 36196 27853 19282 920649 171429 469583 181796 19454 
Brazil 20562 17345 24267 686927 107125 486106   79129 17325 
Chad  6174   6484 nr 883341   25671 nr nr   18767 
China 31571 34545 17235 684949 197564 251887 309477 38556 
Egypt 23944 56009 26784 1167293 249073 340304 260242 61272 
India   6401   7895 10161 690703   88583 161762 129947 26482 
Indonesia 12801 nr 12119 666020   95567 117279 nr nr 
Italy nr 60635 36454 nr 146406 518162 339447 31477 
Japan nr nr 17711 665065 243587 576002 338152 35839 
Mexico 29849 31608 15705 742135 195643 275237 214355 46550 
Russia nr  9740  8898 nr nr 121674  33924 16887 
Sudan 11642  6097 nr 778447 134282 119063 286661 20608 
Turkey 31124 nr 26744 nr nr 401774 277581 20842 


































Australia 282 nr 486 378 249 944 463   898 
Brazil 278   525 nr 337 nr 653 398   900 
Chad nr 1016 nr 562 413 1014 641 1385 
China 251  552 329 383 334 505 394   830 
Egypt 518 nr 209 771 nr 670 707 1387 
India 380  696 170 354 264 574 378   852 
Indonesia nr  570 nr 348 nr 661 410   932 
Italy 652 nr 348 506 nr 673 506 1019 
Japan 242 nr 282 367 310 451 355   791 
Mexico 440  770 241 427 321 676 453   954 
Russia 389 nr nr 297 270 324 342   725 
Sudan nr 1131 nr 618 461  1212 791 1495 
Turkey 299 nr 422 630 546 699 624 1137 




































Tomatoes Watermelons Wheat 
Australia 683 301 406 1297 625 440 521 309 
Brazil 571 279 261 1065 420 353 388 280 
Chad 882 497 nr 1776 532 nr nr 569 
China 448 298 451  798 455 424 303 266 
Egypt 725 509 754 1634 860 550 550 570 
India 529 320 419 1101 245 488 471 438 
Indonesia 570 nr 246 1092 391 398 nr nr 
Italy nr 353 549 nr 551 548 370 762 
Japan nr nr 412  795 415 407 265 263 
Mexico 635 383 499 1272 331 504 506 496 
Russia nr 232 350 nr nr 368 255 401 
Sudan 968 553 nr 1998 612 847 873 639 
Turkey 722 nr 717 nr nr 683 473 319 




Table 2.7: Water volume (m3) required to grow one hectare of crop per crop period. Calculated using equation 2 and values 





























Australia 2820 na 4860 3780 2490 9440 4630 8980 
Brazil 2780   5250 na 3370 na 6530 3980 9000 
Chad na 10160 na 5620 4130 10140 6410 13850 
China 2510   5520 3290 3830 3340 5050 3940 8300 
Egypt 5180 na 2090 7710 na 6700 7070 13870 
India 3800   6960 1700 3540 2640 5740 3780 8520 
Indonesia na   5700 na 3480 na 6610 4100 9320 
Italy 6520 na 3480 5060 na 6730 5060 10190 
Japan 2420 na 2820 3670 3100 4510 3550 7910 
Mexico 4400   7700 2410 4270 3210 6760 4530 9540 
Russia 3890 na na 2970 2700 3240 3420 7250 
Sudan na 11310 na 6180 4610 12120 7910 14950 
Turkey 2990 na 4220 6300 5460 6990 6240 11370 




























Tomatoes Watermelons Wheat 
Australia 6830 3010 4060 12970 6250 4400 5210 3090 
Brazil 5710 2790 2610 10650 4200 3530 3880 2800 
Chad 8820 4970 na 17760 5320 na na 5690 
China 4480 2980 4510   7980 4550 4240 3030 2660 
Egypt 7250 5090 7540 16340 8600 5500 5500 5700 
India 5290 3200 4190 11010 2450 4880 4710 4380 
Indonesia 5700 na 2460 10920 3910 3980 na na 
Italy na 3530 5490 na 5510 5480 3700 7620 
Japan na na 4120   7950 4150 4070 2650 2630 
Mexico 6350 3830 4990 12720 3310 5040 5060 4960 
Russia na 2320 3500 na na 3680 2550 4010 
Sudan 9680 5530 na 19980 6120 8470 8730 6390 
Turkey 7220 na 7170 na na 6830 4730 3190 




Table 2.8: Crop yield (kg) per 1000 m3 (264,172 gal) water volume during crop growth period (i.e. total water volume over 





























Australia   702 na   5103 1345 513 4575 6647 979 
Brazil   728 2498 na   847 na 2261 4156 324 
Chad na   838 na   155 101 1972 1039   96 
China 1179 2896   6604 1248 537 4087 3619 757 
Egypt   453 na 12875   970 na 3871 3251 639 
India   509 3538   3872   516 306 1859 4704 351 
Indonesia na 2176 na   778 na 1312 3634 465 
Italy   549 na   5399 1887 na 4390 4786 596 
Japan 1434 na   8729   670 323 10504 8817 819 
Mexico   472 1601   8371   573 221 1815 4919 458 
Russia   424 na na   716 346 3529 3038 417 
Sudan na   157 na   108   50   585   926   67 
Turkey   735 na   4334   653 314 3072 4119 486 





























Tomatoes Watermelons Wheat 
Australia 530   925 475 7098 2743 10672   3489   630 
Brazil 360   622 930 6450 2551 13771   2039   619 
Chad   70   130 na 4974   483 na na   330 
China 705 1159 382 8583 4342   5941 10214 1449 
Egypt 330 1100 355 7144 2896   6187   4732 1075 
India 121   247 243 6273 3616   3315   2759   605 
Indonesia 225 na 493 6099 2444   2947 na na 
Italy na 1718 664 na 2657   9456   9174   413 
Japan na na 430 8366 5870 14152 12760 1363 
Mexico 470   825 315 5834 5911   5461   4236   939 
Russia na   420 254 na na   3306   1330   421 
Sudan 120   110 na 3896 2194   1406   3284   323 
Turkey 431 na 373 na na   5882   5869   653 

































Australia 1425 na 196   744   1951   219   150   1022 
Brazil 1373   400 na 1180 na   442   241   3082 
Chad na 1193 na 6472   9880   507   962 10436 
China   848   345 151   801   1863   245   276   1321 
Egypt 2208 na   78 1031 na   258   308   1565 
India 1966   283 258 1937   3269   538   213   2850 
Indonesia na   460 na 1285 na   762   275   2150 
Italy 1822 na 185   530 na   228   209   1679 
Japan   697 na 115 1493   3100     95   113   1221 
Mexico 2120   625 119 1744   4535   551   203   2182 
Russia 2359 na na 1397   2892   283   329   2401 
Sudan na 6356 na 9289 20202 1710 1080 15022 
Turkey 1360 na 231 1531   3181   326   243   2059 





























Tomatoes Watermelons Wheat 
Australia   1887 1081 2106 141   365   94 287 1588 
Brazil   2777 1609 1076 155   392   73 490 1616 
Chad 14286 7665 na 201 2072 na na 3032 
China   1419   863 2617 117   230 168 98   690 
Egypt   3028   909 2815 140   345 162 211   930 
India   8264 4053 4124 159   277 302 362 1654 
Indonesia   4453 na 2030 164   409 339 na na 
Italy na   582 1506 na   376 106 109 2421 
Japan na na 2326 120   170   71   78   734 
Mexico   2127 1212 3177 171   169 183 236 1066 
Russia na 2382 3933 na na 302 752 2375 
Sudan   8315 9070 na 257   456 711 305 3101 
Turkey   2320 na 2681 na na 170 170 1531 




Table 2.10: Approximate average daily water volume (m3) required per metric ton of crop production.  Calculated using 
equation 5 and values from Table 2.9.  DPG equals approximate duration of growth period (days).  Water requirement varies 



















                                  









DPG 160 286 107 152 122 180 140 165 
Australia   8.9 na 1.8   4.9   16.0 1.2 1.1   6.2 
Brazil   8.6 1.4 na   7.8 na 2.5 1.7 18.7 
Chad na 4.2 na 42.6   81.0 2.8 6.9 63.3 
China   5.3 1.2 1.4   5.3   15.3 1.4 2.0   8.0 
Egypt 13.8 na 0.7   6.8 na 1.4 2.2   9.5 
India 12.3 1.0 2.4 12.7   26.8 3.0 1.5 17.3 
Indonesia na 1.6 na   8.5 na 4.2 2.0 13.0 
Italy 11.4 na 1.7   3.5 na 1.3 1.5 10.2 
Japan   4.4 na 1.1   9.8   25.4 0.5 0.8   7.4 
Mexico 13.3 2.2 1.1 11.5   37.2 3.1 1.5 13.2 
Russia 14.7 na na   9.2   23.7 1.6 2.4 14.5 
Sudan na   22.3 na 61.1 165.6 9.5 7.7 91.0 
Turkey   8.5 na 2.2 10.1   26.1 1.8 1.7 12.5 





























Tomatoes Watermelons Wheat 
DPG 202 135 118 500 137 157 95 160 
Australia   9.3   8.0 17.8 0.3   2.7 0.6 3.0   9.9 
Brazil 13.7 11.9   9.1 0.3   2.9 0.5 5.2 10.1 
Chad 70.7 56.8 na 0.4 15.1 na na 18.9 
China   7.0   6.4 22.2 0.2   1.7 1.1 1.0   4.3 
Egypt 15.0   6.7 23.9 0.3   2.5 1.0 2.2   5.8 
India 40.9 30.0 34.9 0.3   2.0 1.9 3.8 10.3 
Indonesia 22.0 na 17.2 0.3   3.0 2.2 na na 
Italy na   4.3 12.8 na   2.7 0.7 1.1 15.1 
Japan na na 19.7 0.2   1.2 0.5 0.8   4.6 
Mexico 10.5   9.0 26.9 0.3   1.2 1.2 2.5   6.7 
Russia na 17.6 33.3 na na 1.9 7.9 14.8 
Sudan 41.2 67.2 na 0.5   3.3 4.5 3.2 19.4 
Turkey 11.5 na 22.7 Na na 1.1 1.8   9.6 




Table 2.11: Approximate land area (ha) required per metric ton of crop production.  Calculated using equation 6 and crop yield 





























Australia 0.51 na 0.04 0.20 0.78 0.02 0.03 0.11 
Brazil 0.49 0.08 na 0.35 na 0.07 0.06 0.34 
Chad na 0.12 na 1.15 2.39 0.05 0.15 0.75 
China 0.34 0.06 0.05 0.21 0.56 0.05 0.07 0.16 
Egypt 0.43 na 0.04 0.13 na 0.04 0.04 0.11 
India 0.52 0.04 0.15 0.55 1.24 0.09 0.06 0.33 
Indonesia na 0.08 na 0.37 na 0.12 0.07 0.23 
Italy 0.28 na 0.05 0.10 na 0.03 0.04 0.16 
Japan 0.29 na 0.04 0.41 1.00 0.02 0.03 0.15 
Mexico 0.48 0.08 0.05 0.41 1.41 0.08 0.04 0.23 
Russia 0.61 na na 0.47 1.07 0.09 0.10 0.33 
Sudan na 0.56 na 1.50 4.38 0.14 0.14 1.00 
Turkey 0.45 na 0.05 0.24 0.58 0.05 0.04 0.18 

















Tomatoes Watermelons Wheat 
Australia 0.28 0.36 0.52 0.01 0.06 0.02 0.06 0.51 
Brazil 0.49 0.58 0.41 0.01 0.09 0.02 0.13 0.58 
Chad 1.62 1.54 na 0.01 0.39 na na 0.53 
China 0.32 0.29 0.58 0.01 0.05 0.04 0.03 0.26 
Egypt 0.42 0.18 0.37 0.01 0.04 0.03 0.04 0.16 
India 1.56 1.27 0.98 0.01 0.11 0.06 0.08 0.38 
Indonesia 0.78 na 0.83 0.02 0.10 0.09 na na 
Italy na 0.16 0.27 na 0.07 0.02 0.03 0.32 
Japan na na 0.56 0.02 0.04 0.02 0.03 0.28 
Mexico 0.34 0.32 0.64 0.01 0.05 0.04 0.05 0.21 
Russia na 1.03 1.12 na na 0.08 0.29 0.59 
Sudan 0.86 1.64 na 0.01 0.07 0.08 0.03 0.48 
Turkey 0.32 na 0.37 na na 0.02 0.04 0.48 




2.5.1 Water Reuse Decisions 
A benefit of compiling water reuse guidelines in a single searchable database is 
that multiple guidelines are incorporated from different sources to provide specific values 
that can be used to assist in water reuse decisions.  There are several applications to 
decision-making using the CWRD: to help the user identify COCs, determine levels to 
which the constituents need to be treated for water reuse, and evaluate water reuse 
applications following treatment.  The interactive data comparison worksheet can be 
utilized to discern COCs in the water by comparing guideline concentrations w th pre-
treatment concentrations.  Minimum acceptable concentrations can be established for the 
treated water based on a specific reuse (de Koning et al., 2008).  Post-treatment 
concentrations can be compared to guideline concentrations, which indicate whether the 
treated water can be reused and the potential uses for the renovated water.   
The CWRD can be used with or without a specific, predefined reuse purpose.   
The concentration comparison can help to identify an option for water reuse (i.e., irrigate
crops, raise livestock, rear fish, or use as drinking water).  As an example of using the 
CWRD prior to identifying a specific reuse purpose, water quality pre-treatment and 
post-treatment data obtained from Johnson et al. (2008) for natural gas storage produced 
water were entered into the interactive data comparison to identify COCs and to
determine possible water reuse options.  The comparison indicated that Cd, Cu, Zn, and 
Pb concentrations in the influent exceeded guideline concentrations for all four of the 
water reuse purposes with the exception of Zn for livestock and Cu for drinking (Table 
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2.12).  Therefore, Cd, Cu, Zn, and Pb were identified as COCs.  Based on interactive 
comparison with guideline concentrations from CWRD (Table 2.12), post-treatment 
concentrations of the COCs indicated that the treated water could be used for watering 
livestock but not for aquaculture.  In addition, the treated water can potentially be used 
for irrigation with Cd still a concern.  The guideline concentrations in the CWRD used 
for comparison were selected to be stringent.  Since some crops are more tolerant of 
metals than other crops, the decision to use the treated water is case-specific. The treated 
water can potentially be used as drinking water; however, there is concern due to eleva ed 
concentrations of Cd and Pb.  From a decision-making standpoint, further treatment 
would be necessary to lower the concentrations of Cd and Pb if the water were to be used 










Table 2.12: Comparison of reuse potential between pre-treatment and post-treatment of natural gas storage produced waters 
(NGSPW) using guidelines in the searchable database. Yes = meets criteria for reuse (i.e. below guideline concentration); No = 
does not meet criteria for reuse (i.e. exceeds guideline concentration). Concentrations (mg/L) are for NGSPW simulated to 
represent actual produced waters (freshwaters) in a study of a pilot-scale constructed wetland treatment system (Johnson et al., 
2008).   
 
   Reuse Purpose   
Constituent Concentration Irrigation Livestock Aquaculture Drinking  
Pre-Treatment      
   Cadmium 0.312 no no no no 
   Copper 0.703 no no no yes 
   Lead 0.744 no no no no 
   Zinc 5.180 no yes no no 
Post-Treatment      
   Cadmium 0.008 no yes no no 
   Copper       <0.010*  yes yes no yes 
   Lead       <0.015**  yes yes no no 
   Zinc 0.367 yes yes no yes 
*
measured concentration below detection limit (0.010 mg/L) 
**









Another application of the CWRD is for decisions regarding treatment for a 
specific reuse.  For instance, a farmer wanting to use treated water to irrigate crops can 
identify COCs and set target concentrations for the post-treatment water using the 
guideline concentrations for irrigation in the CWRD.  Design and construction of the
treatment system can then be based on achieving those target concentrations.  Foll wing 
treatment, the concentrations of COCs can be compared to guideline values to determine 
if the water can be used for the intended purpose.   
The CWRD can be tailored for specific projects or tasks.  In addition, it can be 
modified to accommodate future updates in the form of more stringent guideline values
or the inclusion of additional parameters.  The spreadsheet layout is simple and 
straightforward so that the user can quickly navigate and selectively view individual 
parameters and their values.        
A water quality parameter not listed in the compiled searchable database does not 
imply that it cannot be a constituent of concern, but simply was not among those found in 
the literature reviews conducted for this research.  There are numerous parameters for 
pesticides and specific PAHs not listed in the CWRD.  Even among the FWR, several 
parameters did not have guideline values for all four purposes (Table 2.2).   
In the decision-making process, guidelines for water use developed by one 
country might not be suitable for another due to various limitations such as technology 
and economic status (Asano et al., 2007).  With the selection of guideline values, the user 
should make appropriate adjustments based on the technology available and set attainable 
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treatment goals to make a decision regarding water treatment and reuse without
compromising the safety of organisms within the receiving system.    
Many countries have adopted and/or modified water quality guidelines outlined 
by the World Health Organization (WHO).  Recently, the WHO has made modifications 
to their proposed guidelines for reuse of water in agriculture based on findings from 
epidemiological studies and quantitative microbial risk assessments (Brissaud, 2008).  To 
determine water quality guidelines, the WHO takes into account the cost of water 
treatment prior to reuse as well as health risks (Asano et al., 2007).  Both cost and health 
risks largely determine the potential beneficial reuse of the treated watr.  Because of 
these factors, guideline values in the CWRD from the WHO are often less stringen  than 
other sources included in the compilation.   
2.5.2 Water quantity 
The quantity of irrigation water required to grow crops (i.e., crop water 
requirement) depends on crop evapotranspiration, irrigation losses, and drainage 
requirements (Chapagain and Hoekstra, 2004).  However, evapotranspiration is the 
dominant factor controlling water volume needed for crop irrigation and is typically used 
for calculating volumes needed for crop production (Chapagain and Hoekstra, 2004).  
Compared to the other 13 countries, results show that crop production in Sudan requires a 
greater volume of water because of the arid climate.  This is incorporated in the 
calculations of CWR and crop yield values, which take into account climate through 
equations using crop coefficient and crop evapotranspiration as explained in the methods 
section.   
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Based on calculated crop yield per 1,000 m3 water volume required (Table 2.8), 
five crops are recommended for using water effectively in producing the greatst quantity 
of crop specifically for each of the 14 countries (Table 2.13).  The crops on the list 
include cassava, lettuce, maize, onions (dry), potatoes, sugar cane, sweet potatoes, 
tomatoes, and watermelon.  Potatoes and tomatoes are the most commonly recommended 
crops (Table 2.13) because they require the least amount of water to grow.  
Table 2.13: Recommended crops based on crop yield per 1,000 m3 (264,172 gal) water 
volume during one crop growth period.  Crops listed starting from crop with greatest 
yield per 1,000 m3 water volume. 
 
Country Recommended Crops 
Australia tomatoes, sugar cane, potatoes, lettuce, onions (dry) 
Brazil tomatoes, sugar cane, potatoes, sweet potatoes, cassava 
Chad sugar cane, onions (dry), potatoes, cassava, sweet potatoes  
China watermelons, sugar cane, lettuce, tomatoes, sweet potatoes 
Egypt lettuce, sugar cane, tomatoes, watermelons, onions (dry) 
India sugar cane, potatoes, lettuce, sweet potatoes, cassava 
Indonesia  sugar cane, potatoes, tomatoes, sweet potatoes, cassava 
Italy tomatoes, watermelons, lettuce, potatoes, onions (dry) 
Japan tomatoes, watermelons, onions (dry), potatoes, lettuce 
Mexico lettuce, sweet potatoes, sugar cane, tomatoes, potatoes 
Russia onions (dry), tomatoes, potatoes, watermelons, maize 
Sudan sugar cane, watermelons, sweet potatoes, tomatoes, potatoes 
Turkey tomatoes, watermelons, lettuce, potatoes, onions (dry) 
USA tomatoes, lettuce, potatoes, onions (dry), watermelons 
 
As an example of application to a specific country, estimates of land and water 
requirements for growing various crops in the United States are shown in Table 2.14.  
Using the calculation procedure followed in this study, a table similar to Table 2.14 can 
be generated for any country.  A user can estimate the land area needed and the water
volume required to grow specific crops in any country.  Local conditions (climate, soil, 
etc.) and agricultural practices (fertilizers, pesticides, etc) influe ce CWR and crop yield.  
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Other factors that may influence CWR and crop yield for a particular country are 
infrastructure and economic stability.   
Table 2.14: Approximate water volumes and approximate land area required for growing 
one metric ton of selected crops in United States of America (USA) for one crop growth 
period.  Values obtained from Tables 2.9, 2.10, and 2.11. 
   *Approximate total time of growth includes all growth stages; can vary widely due to local conditions. After Allen et al. (1998). 




An interactive and versatile database (CWRD) was created for application to 
decision analysis based on water characteristics and reuse guidelines for irrigation, 
livestock, aquaculture, and drinking.  The CWRD is a screening tool for water reuse that 









required (m3)  
**Daily water 
volume  
required during crop  
growing period  




 (ha)  
Barley 160 702 4.4 1162 0.31 
Lettuce 107 87 0.8 211 0.03 
Maize 152 489 3.2 845 0.12 
Millet 122 2143 17.6 4649 0.59 
Onions, Dry 180 108 0.6 159 0.02 
Potatoes 140 106 0.8 211 0.02 
Rice (paddy) 165 1275 7.7 2034 0.15 
Seed Cotton 202 2535 12.5 3302 0.54 
Sorghum (grain) 135 782 5.8 1532 0.24 
Soybean 118 1869 15.8 4174 0.39 
Sugar Cane 500 130 0.3 79 0.01 
Sweet Potatoes 137 286 2.1 555 0.06 
Tomatoes 157 70 0.4 106 0.02 
Watermelons 95 126 1.3 343 0.04 
Wheat 160 849 5.3 1400 0.36  
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quality parameters.  The searchable database is user-friendly in terms of locating 
parameters and comparing guidelines for the four water reuse options.  Specific 
applications of the CWRD to decision analysis include identifying COCs, determining 
target concentration levels for the COCs, and assessing suitability of treated water for 
reuse.     
An approach to assessing water quantity for decision analysis was investigated for 
application to water reuse, and calculations for selected crops and countries were mad  to 
illustrate this approach.  The quantity of water needed for crop production was calculated 
to give an estimate of the potential yield from reusing treated water for ir igation.  The 
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DESIGN AND CONSTRUCTION OF A PILOT-SCALE WETLAND TREATMENT 
SYSTEM BASED ON CHARACTERISTICS OF A SPECIFIC OILFIELD PRODUCED 





Water quality data from an oilfield in Africa were compared with water quality 
guidelines for irrigating crops and watering livestock to identify constituents of concern 
(COCs) in produced water.  A parameter was considered a COC if its concentration was 
greater than guideline concentration for the specific reuse purpose.  Based on th  
comparison, the following COCs were identified in the oilfield produced water: oil and 
grease, metals (Zn, Ni, Fe, Mn), F, and P.  A pilot-scale constructed wetland tretment 
system was designed and built based on biogeochemical pathways (i.e. sorption, 
oxidation, reduction) required for transferring and transforming the identified COCs to 
achieve target concentrations that meet water quality guidelines (less than 35 mg/L oil 
and grease, 1 mg/L zinc, 0.01 mg/L nickel, 0.2 mg/L iron, 0.02 mg/L manganese, 1 mg/L 
fluoride, and 0.05 mg/L phosphorus).  The system design allows parameters (i.e. 
hydraulic retention time and organic content of the hydrosoil) to be adjusted to promte 
the conditions needed to achieve maximum removal of COCs by the identified 
biogeochemical pathways.  The pilot-scale treatment system consisted of three series of 
wetland cells, with four cells in each series.  Two series of subsurface flow wetland cells 
were constructed with each cell having a two-layer hydrosoil of pea gravel and medium-
sized gravel that was planted with P ragmites australis.  For performance comparison, a 
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free water surface series was constructed, with each cell containing sand hydrosoil and 
planted with Typha latifolia.  Each series was given time for plant density and redox 
potential to stabilize.  The data demonstrated that the system was poised to treat 





Oilfield produced water (OPW) also known as oilfield brine, connate water, or 
formation, water is generated as a by-product of oil production (Roach et al., 1992; 
Ramirez, 2002; Veil et al., 2004).  As the demand for oil continues to rise, oil production 
will dramatically increase, and a tremendous volume of produced water will be 
generated.  A large operating oilfield can produce several hundred thousands of barrels of 
water daily (Collins, 1975).  In 1995, approximately 18 billion barrels of produced water 
were generated from onshore operations within the United States (ICF Consulting, 2000).  
Globally, it has been estimated that approximately 210 million barrels of produced water 
are generated daily (Khatib and Verbeek, 2003).  Previous surveys of oil production sites 
revealed that for every one barrel of oil produced, five barrels of produced water are 
created (ICF Consulting, 2000).  The ratio increases over the life of an oilfield, whereby 
OPW production increases while oil production decreases (Collins, 1975; ICF 
Consulting, 2000; Veil et al., 2004).  Given the vast quantity of water generated, there 
exists a potential solution to worldwide water shortages.  Unfortunately, some OPW may 
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have concentrations of contaminants that make it unsuitable for use without effectiv  
treatment (Roach et al., 1992; Nijhawan and Myers, 2006).   
Geology and geography determine the type of constituents and their abundance in 
produced water (Veil et al., 2004).  Although concentrations vary, most OPWs contain 
constituents such as hydrocarbons (i.e., organic acids, polycyclic aromatic hydrocarbons, 
phenols, and volatiles), metals, salts, and radionuclides (Collins, 1975; Kemmer, 1988; 
Knight et al., 1999; Veil et al., 2004).  Among the metals, zinc, lead, manganese, iron, 
and barium are common in produced water (Veil et al., 2004).  Produced water can 
contain chemical additives which are mixed with the water during various stages of oil 
production (Veil et al., 2004).  For many of the constituents, concentrations can have 
drastic adverse effects on organisms.  Oil and grease and salts are the primary 
constituents of concern (COCs) in many OPWs (Veil et al., 2004).   
The large volume of produced water poses several issues in management, 
treatment, and disposal.  A large fraction is used for additional recovery of oil in a 
technique known as pressure maintenance or secondary recovery, whereby some of the 
produced water is injected back into the subsurface to displace the remaining oil (ICF 
Consulting, 2000; Hum et al., 2006).  Disposal by injection into an aquifer is a 
conventional technique, but increasing cost and regulation limit its use (Veil et al., 2004).  
A survey by the American Petroleum Institute (ICF Consulting, 2000) in 1995 revealed 
that management of produced water in the United States involved 92% injection into the 
subsurface, 3% surface discharge under National Pollutant Discharge Elimination System 
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(NPDES) permits, 3% other disposal methods (e.g. onsite evaporation and percolation 
pits), and 2% beneficial reuse (e.g. irrigation and livestock watering).      
 Given the dwindling supply of fresh water, it would seem more practical to use 
produced water for beneficial reuse rather than disposing of it by other means, such as 
injection.  There has been increasing interest in turning produced water to usable water 
for both economic and management reasons.  In Oman, treated OPWs from the Omani 
oilfield have been successfully used to irrigate salt-tolerant crops (Hirayama et al., 2000).  
However, in order to be reused, produced water must be treated so that water quality 
guidelines are met in order to minimize health risks to humans, animals, and plants.  
Treatment technologies for produced water such as desalination are expensive.  For 
example, the estimated cost to treat one barrel of produced water using desalination 
technology in order to reduce total dissolved solids (TDS) concentrations is $0.43 (Hum 
et al., 2006).   
Constructed wetland treatment systems (CWTSs) have been used previously to 
treat OPWs (Myers et al., 2001; Ji et al., 2007; Mooney and Murray-Gulde, 2008).   A 
CWTS is a cost efficient, low-maintenance, and environmentally-friendly altern tive to 
conventional treatment of various impaired waters, including municipal, industrial, 
agricultural, and landfill leachates (Reed, 1993; Hawkins et al., 1997; Huddleston et al., 
2000; Murray-Gulde et al., 2003; Gasiunas et al., 2005; Lee et al., 2006; Noorvee et al., 
2005; Kanagy et al., 2008a; Mooney and Murray-Gulde, 2008; Nelson and Gladden, 
2008).  A constructed wetland employs elements of natural wetlands (i.e., bogs, marshes, 
and swamps) such as saturated soil conditions and wetland plants (Economopoulou and 
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Tsihrintzis, 2003).  The appeal of using a constructed wetland system is that its design 
components (i.e., hydrosoil, plants, and hydraulic retention time) can be modified to 
promote specific biogeochemical processes that will transfer and/or transform COCs 
(Hawkins et al., 1997; Gillespie et al., 2000; Murray-Gulde et al., 2003; Rodgers and 
Castle, 2008).   
 There exist two distinct types of constructed wetlands: free water surface (FWS) 
and subsurface flow (SSF) wetlands.  The FWS wetland allows the water surface to 
interact with the atmosphere, whereas in the SSF wetland the water level is maintained 
below the substrate (Reed, 1993).   The choice between FWS and SSF depends mainly on 
characteristics of the water being treated, desired biogeochemical conditions, and 
treatment goals.  Ji et al. (2007) used a SSF CWTS planted with reeds to effectively treat 
the oil fraction of OPW in China.     
 The flow path of water in a cell of a CWTS can be either vertical or horizontal 
(House et al., 1999; Lantzke et al., 1999).  In the United States, most FWS constructed 
wetlands incorporate net horizontal flow (Reed, 1993).  Vertical flow is more commonly 
associated with SSF wetlands, whereby in most cases water is introduced to the top of 
one cell and then drains from the bottom to the successive cell (Reed, 1993).  The 
drainage system of constructed wetlands is designed according to the desired flow 
regime.   
 Hydrosoil or substrate in a treatment wetland can be uniform or layered with 
different sizes and types of particles.  Characteristics of the hydrosoil such a  grain size 
and porosity largely determine hydraulic properties important to creating desired 
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biogeochemical conditions for effective treatment of COCs (e.g. Kanagy et al., 2008b).  
Sand and gravel are often used as substrates; however, other options include crushed 
brick (House et al., 1999), cohesive soil (Ranieri, 2003), and cobble and alluvial material 
(Kadlec, 2008).  Although smaller sized particles are more favorable in terms of 
providing more surface area for treatment and stable substrate for wetland plants, the 
system can become clogged over time (Reed, 1993).  However, particles that are too 
large can cause turbulent flow conditions (Reed, 1993).   
In addition to the hydrosoil, wetland plants influence the biogeochemistry of a 
system both directly and indirectly.  They play important roles in the physical, chemical, 
and biological processes such as sorption, mineralization, and biodegradation 
(Gumbricht, 1993; Reed, 1993; Rodgers and Castle, 2008).  In addition, wetland plants 
stabilize the hydrosoil to prevent erosion and reduce clogging (Ojeda et al., 2008). Plant 
roots serve as sites for microbial activity (Armstrong et al., 1999; Ojeda et al., 2008) by 
facilitating gas exchange between atmosphere and substrate.  Properly selected wetland 
plants can play a major role in providing an oxidizing environment within the hydrosoil 
by moving oxygen to the root zones in order to promote microbial degradation of 
organics (Ciria et al., 2005).   Through processes of aerobic respiration, denitrification, 
methanogenesis, and sulfate reduction, microbes can biodegrade organic matter 
effectively (Ojeda et al., 2008; Rodgers and Castle, 2008).  Plants also uptake some 
nutrients (e.g. N, P, and some trace metals) found in the water.    
Typical wetland plants used in CWTS include cattails (Typha spp.), reeds 
(Phragmites spp.), and bulrush (Scirpus spp.) (Table 3.1).  Constructed wetlands in the 
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United States use mainly cattails and bulrushes, whereas reeds are a popular choice in 
Europe (Reed, 1993; Vymazal et al., 1998; Economopoulou and Tsihrintzis, 2003).  
Cattails and reeds are often chosen for use in constructed wetlands because of their 
specific desirable traits.  Both are perennial, emergent macrophytes with extensive 
rhizome systems; in addition, they proliferate rapidly, compete successfully with native 
wetland plants, and tolerate a wide array of environmental conditions.   
Table 3.1: Common aquatic plants used in constructed wetlands (fter Reed, 1993). 
 
Common Name Scientific Name 
Arrow Arum Peltandra virginica 
Arrowhead Sagittaria latifolia 
Bulrush Scirpus spp. 
Calla Lily Zantedeschia aethiopica 
Canna Lily Canna flaccida 
Cattail Typha spp. 
Elephant Ear  Calocafia esculenta 
Ginger Lily Hedychium coronatum 
Pickerelweed Pontederia cordata 
Reed Phragmites spp. 
 
The overall purpose of this investigation was to construct a pilot-scale CWTS that 
can be used to evaluate application of the technology toward building a full-scale CWTS
to treat OPW at a specific site in Africa.  Food shortage is a major problem in the area 
surrounding the African oilfield for which the pilot-scale study was done.  A properly 
designed constructed wetland system for treating OPW from the study sie can potentially 
provide a reliable, alternative source of freshwater supply for growing food and raising 
livestock.  Specific objectives of the investigation were to: 1) characterize OPW from the 
specific oilfield in Africa and identify COCs using water quality guidelines; 2) design 
and construct a pilot-scale constructed wetland system that can be used to assess the 
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3.3.1 Characterize OPW and Identify COCs 
OPW from a site in Africa was characterized using water analysis data provided 
by Chevron.  Data included concentrations for cations and anions, oil and grease, various 
polycyclic aromatic hydrocarbons (PAHs) that comprise oil and grease, and general water 
quality parameters (pH, total suspended solids (TSS), total dissolved solids (TDS),
alkalinity, conductivity, dissolved oxygen (DO), and hardness).  Mean, maximum, and 
minimum concentrations were determined using Microsoft Excel. 
COCs were identified by comparing concentrations in the OPW with guideline 
concentrations for four water uses (i.e. irrigation, livestock watering, aquacult re, and 
drinking).  These guideline concentrations were compiled previously in a searchable 
database (Chapter 2).  If the concentration of any given parameter was greater than hose 
given for either irrigation or livestock watering guideline, the parameter was considered a 
constituent of concern.  Target concentrations required to meet guidelines for irrigating 
crops and watering livestock were identified, and these served as a basis for design and 




3.3.2 Design and Construct Pilot-Scale System 
Based on identified COCs and targeted guideline concentrations for treatment, the 
biogeochemical pathways were identified.  Each pathway represents a specific 
biogeochemical process (e.g. oxidation, reduction, sorption) and is governed by 
conditions within the CWTS (Rodgers and Castle, 2008).  Components (i.e. hydrosoil, 
wetland plants, and hydraulic retention time) in each cell of the pilot-scale CWTS were 
selected to produce the conditions required for effective treatment. 
3.3.3 Monitor Readiness of System 
Constructed wetland systems require time for plants to mature and conditions to 
stabilize prior to treatment.  Therefore, oxidation-reduction potential (Eh) and pl nt shoot 
density were monitoring.  Eh reveals the relative intensity of oxidizing or reducing 
conditions (Collins, 1975) and is useful for predicting the speciation of metals such as 
copper (Brookins, 1988; Breault et al., 1996).  Two Eh electrodes were placed in the 
hydrosoil near the upstream and downstream ends of each wetland cell.  The Eh electrode 
consisted of a copper wire with a platinum tip on the end (Faulkner et al., 1989), which 
was kept stationary and in direct contact with the hydrosoil and interstitial water.  The 
electrodes were initially placed into the hydrosoil and allowed time to equilibrate before 
commencing weekly in-situ measurements.  Eh values were calculated using the 
electrode measurements and correction factors for calibration and standardization.  In 
order to ascertain Eh of the system (bulk redox), equation (1) (Ober, 2006) was used:  
                              Ehsystem = Ehobs + Ehref_std – Ehref_obs + Ehfield_cor                                  (1) 
 where  Ehsystem = corrected redox reading [mV], 
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                  Ehobs = field measurement from voltmeter [mV], 
 
              Ehref_std = a constant = 183 [mV], 
 
              Ehref_obs = reading with Zobell solution [mV], and 
 
            Ehfield_cor = correction factor = 240 [mV]. 
A Fluke® 77 voltage meter was used in conjunction with an Accumet® calomel 
reference probe for the measurements.  The detection limit for the method is ±10mV.  Eh 
was measured weekly until successive Eh values stabilized from week to week.   
 Plant shoot density was measured by counting the number of shoots, including 
small emerging shoots, within a 0.09 m2 surface area of each cell.  Initially, shoot density 
was measured every two to three days.  When the increase in shoot density slowed, 
measurements were made less frequently.  The comparison between increased shoot 
density and Eh stabilization was used to determine when the system was ready to begin 
treatment of the OPW.  
 
 
3.4 Results  
3.4.1 Characterize OPW and Identify COCs 
 A wide range of cations and anions was present in the OPW studied (Table 3.2).  
The pH ranged from 7.73 to 8.34.  Alkalinity ranged from 300 to 380 mg/L as CaCO3, 
and hardness from 5 to 20 mg/L as CaCO3.  Based on comparison of characteristics of the 
OPW to water quality guidelines, the following were identified as COCs: oil and grease, 
Fe, Mn, Ni, Zn, P, and F (Table 3.3).  TDS was identified as being a possible COC. 
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Parameters such as TDS and TSS are dependent on specific ions in the water, and thus
alone are not reliable indicators of toxicity (Chapman et al., 2000; Goodfellow et al., 
2000).  Therefore, TDS and TSS were not considered to be COCs.  In the oil and grease 
fraction of the OPW, concentrations of naphthalene and phenanthrene, which are low 
molecular weight PAHs, ranged from 0.00945 to 107.2 µg/L and 1.706 to 108.8 µg/L, 
respectively.  
Alkalinity and hardness of the OPW were compared with guidelines for 
aquaculture and drinking water; guidelines for irrigating crops and watering livestock 
were not available.  In general, aquaculture and drinking water guidelines are more 
stringent than those for irrigating crop and watering livestock.  Because OPW 
concentrations of alkalinity and hardness met aquaculture and drinking water guideline 
concentrations, it was assumed that the OPW in this study could be used for irrigating 
crops and watering livestock.  Alkalinity should be maintained within the range of 20 to 
400 mg/L as CaCO3 for aquacultural use (QGEPA, 2006).  The upper concentration limit 
of hardness is 450 mg/L as CaCO3 for aquaculture and 200 mg/L as CaCO3 for drinking 
water.  Since both alkalinity and hardness concentrations of the OPW met the guidelines, 







Table 3.2: Characteristics of produced water from the specific oilfield in Afr ca pertinent 
to this investigation.  n = number of samples.  Concentration reported in mg/L unless 









Alkalinity (mg/L as CaCO3)   326.2 300   380 13 
Barium        4.1      0.07        7.4   7 
Bicarbonate    704.7 433   976   2 
Calcium    164.19      2.5   300 20 
Carbonate      14.6    14.6      14.6   1 
Chloride      12.33      5      48 15 
Conductivity (µmhos) 1153.5 838 1469   2 
Fluoride        4.0      3        5   2 
Iron (III)       54.9    24.4    171   5 
Iron (soluble)        0.14      0.1        0.5 13 
Hardness (mg/L as CaCO3)      10.9      5      20 13 
Magnesium        3.7      1.05        8.7   7 
Manganese        6.3      1.4        8.1   5 
Nickel        7.7      2.7        9.5   5 
Nitrate        1.5      1        2   2 
Oil and grease      92.0    92      92   1 
Dissolved oxygen        0.00014      0.0001        0.0002 13 
pH (standard units)        7.78      7.73        8.34 15 
Phosphorus        4.2      3.7        4.7   5 
Potassium      10.5      1.6      42.6   7 
Silicon        6.0      1.4      13.2   7 
Sodium    115.3      8.8    339   7 
Strontium        1.3      0.05        2.2   7 
Sulfate        2.5      2        3   2 
TDS 1037.0 704 1370   2 
Tin        0.7      0.5        1.3   5 














Table 3.3: Comparison of oilfield produced water composition (maximum concentration) 
from the study site with water quality guidelines for irrigation and livestock watering.  
Constituents of concern (COC) identified by OPW concentration exceeding guideline 
concentration. – indicates guideline concentration not listed in searchable database. 
 
            Irrigation  Livestock 
                  OPW Sample Guideline COC Guideline COC 
Parameter         Concentration (mg/L) Concentration  Concentration  
Alkalinity as CaCO3   380 - - - - 
Barium       7.4 - - - - 
Bicarbonate   976 - - - - 
Calcium   300 - -       1000 NO 
Carbonate     14.6 - - - - 
Chloride     48         100 NO - - 
Fluoride       5 1 YES 2 YES 
Iron (III)    171 - - - - 
Iron (soluble)       0.5    0.2 YES - - 
Hardness as CaCO3     20 - - - - 
Magnesium       8.7 - -         250 NO 
Manganese       8.1      0.02 YES      0.05 YES 
Nickel       9.5      0.02 YES 1 YES 
Nitrate       2 - - - - 
Oil and grease     92           35 YES            35 YES 
Dissolved oxygen       0.0002 - - - - 
Phosphorus       4.7      0.05 YES - - 
Potassium     42.6 - - - - 
Silicon     13.2 - - - - 
Sodium   339 - - - - 
Strontium       2.2 - - - - 
Sulfate       3 - -       1000 NO 
TDS 1370         500 YES       3000 NO 
Tin       1.3 - - - - 
Zinc     17.4 1 YES            20 NO 
 
3.4.2 Design and Construct Pilot-Scale System 
3.4.2.1  Biogeochemical Treatment Pathways and Conditions 
Based on COCs in the OPW, the following biogeochemical pathways were 
identified for treating the OPW: sulfate reduction (metals), oxidation (oil and grease and 
metals), and sorption (oil and grease, metals, P, and F) (Table 3.4).   Since oil and grease 
are hydrophobic, they sorb readily to most surfaces in wetland hydrosoil.  Over time, the 
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input of oil and grease to the system should lead to reducing conditions in the hydrosoil.  
Reducing conditions in the wetland cells promote sulfate reduction, and metal ions will 
combine with the sulfide produced to precipitate minerals that render the metals non-
bioavailable (Rodgers and Castle, 2008).  For example, zinc combines with sulfide to 
form ZnS (sphalerite).  Oxidizing conditions, which favor microbial degradation of 
organics, are needed to reduce oil and grease concentration in the OPW.  Features of 
CWTS cells that promote oxidizing conditions are rock cascades and coarse (sandy to 
pebbly) hydrosoil.  Under oxidizing conditions, zinc and manganese can form metal-
oxide complexes similar to those of iron oxides (Benjamin and Leckie, 1981).  Other 
biogeochemical processes include adsorption to mineral surfaces (Deaver and Rodgers, 
1996) and plant surfaces (Sinicrope et al., 1992), while a small fraction of the nutrients 
(e.g. N and P) will be absorbed through plant uptake.  Phosphorous removal can occur 
through sorption (adsorption on surfaces and absorption by plant uptake) and ionic 
exchange (Billore et al., 1999).  A study by Mann and Bavor (1993) showed that gravel 
based medium can play a major role in removal of phosphorous from the aqueous phase 












Table 3.4: Biogeochemical processes (removal pathways) identified for transferring and 
transforming COCs in the OPW studied.  Conditions required to promote the 
biogeochemical processes are after Rodgers and Castle (2008). 
 
Process Conditions Targeted Constituent(s) 
Oxidation Redox (Eh) > -50 mV; pH 
slightly acidic to near neutral 
Oil and Grease, Mn, Fe 
*Plant Uptake  Prolific vegetation in contact 
with the water 
Zn, Mn, Ni, P, F 
Sorption Availability and generation 
of surfaces 
Oil and Grease, Zn, Mn, Ni, P, F 
Sulfate Reduction Redox (Eh) < -150 mV; pH 
near neutral to slightly basic 
Zn, Ni 
       *not a preferred pathway because COCs may be recycled back to the water upon plant decay 
 
3.4.2.2  System Overview 
A pilot-scale CWTS was constructed within a greenhouse located on research 
land owned by Clemson University in Clemson, South Carolina.  The pilot-scale system 
consisted of a 3785-L polypropylene tank (detention basin) and three series of 
microcosms (cells) (Figure 3.1).  Each series comprised four 378-L wetland cells 
(Rubbermaid® Utility Tanks).  Surface area of each wetland cell was 0.66 m2, and axial 
dimensions were 61 cm in height, 123 cm in length, and 64 cm in width at its widest part.  
Water residing in the detention basin was pumped continuously through 0.64 cm 
diameter plastic tubing to each of the three series using Fluid Metering Inc. (FMI)® 
piston pumps.  For each series, the four cells were arranged at progressively decreasing 
elevations so that gravity would drive water flow through the system.  Two series 
incorporated subsurface flow, and the third series incorporated free water surface flow 
(Figure 3.2).  The purpose of using two SSF series was for replication of results.  The 
reason for using a FWS series was for comparison of data with previous pilot-scale 
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studies in which FWS cells have been used and for comparison of treatment effectiveness 
with the SSF series.  In both the SSF and FWS series, hydrosoil and plants were selected 
to promote oxidizing conditions.  The wetland cells were amended with Osmocote time-
release fertilizer soon after planting to provide nutrients required for plant grow h, which 
were not found in sufficient quantities in city water and newly emplaced hydrosoil.  
Hydraulic retention time in each series was controlled by pumping (inflow rate).  
Through the monitoring period, unamended city water was used in the pilot-scale system.  
After conditions in the cells stabilized, simulated OPW can be used and treatment 
performance assessed. 
 
Figure 3.1: Schematic of the pilot-scale constructed wetland system showing wetland 
cells in two subsurface flow (SSF) series planted with Phragmites australis and one free 
water surface (FWS) series planted with Typha latifolia. 
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Figure 3.2: Comparison of SSF and FWS cells, showing differences in drainage, 
hydrosoil, and plants. A) SSF wetland cell planted with Phragmites australis and 
hydrosoil consisting of medium-sized gravel layer above pea gravel. B) FWS wetland 
cell planted with Typha latifolia and hydrosoil consisting of sand. 
 
3.4.2.3  Subsurface Flow Series     
3.4.2.3.1  Hydraulic Design  
 In the subsurface flow series, water entered the bottom of each cell through holes 
drilled into a horizontal 10-cm diameter by 51-cm long PVC pipe.  Water was supplied to 
the horizontal pipe by a vertical 2.5-cm diameter PVC pipe (Figure 3.3).  The horizontal 
pipe was sealed on each end with a PVC cap.  Two rows of 1-cm diameter holes spaced 
2.5 cm apart were drilled into the horizontal pipe to allow water to exit the pipe and enter 
the hydrosoil.   A nylon tube sock was fitted over the horizontal pipe to prevent sediment 
from clogging the holes.  The water then seeped upward through the hydrosoil and exited 
the cell through a PVC pipe near the top of the downstream end of the cell.  Although 
there was horizontal flow in the cell, the net flow was vertical for the subsurface flow 
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cells.  In the two SSF series, 130 liters of water was required to fill each c ll in order to 
maintain a water level approximately 0.5 cm below the gravel surface. 
 
Figure 3.3: Interior of SSF wetland cell prior to filling with hydrosoil. Water enters the 
cell through holes in a 10-cm diameter horizontal pipe wrapped in tube sock.  Water is 
supplied through a 2.5-cm diameter vertical pipe. 
 
3.4.2.3.2  Hydrosoil 
  Hydrosoil in each SSF cell consisted of a vertical thickness of approximately 20 
cm of pea gravel (5-10 mm diameter) overlain by 40 cm of medium-sized (20-30 cm 
diameter) gravel of granitic composition.  Smaller diameter of the pea gravel allowed for 
increased surface area, which created more sites for adsorption and microbial activity.  
Compared to using coarser materials, the disadvantage of using pea gravel is that the 
hydraulic conductivity of the hydrosoil is less than in coarser gravel (Fetter, 1994), which 
may result in less efficient water flow.  To compensate, the top half of each cll contained 
medium-sized gravel.  The higher hydraulic conductivity of the top gravel layer promoted 
better flow through the hydrosoil.  It was assumed that channelization due to roots of the 
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wetland plants was negligible.  The approximate porosity of hydrosoil in the SSF cells 
was 34%, which was calculated from the volume of hydrosoil and the volume of water 
required to fill each cell.    
3.4.2.3.3  Macrophyte 
The SSF cells were planted with P ragmites australis (common reed) at an 
approximate plant shoot density of 70 shoots/m2.  Extensive aeration pathways that are 
present within the roots, which promotes gas exchange by way of diffusion and 
convective flow (Armstrong et al., 1999).  Localized oxidation zones occur around 
young, developing rhizomes and roots of Phragmites australis (Armstrong and 
Armstrong, 1988).  In addition, these plants form tall, dense stands that deter most 
wildlife (Capotosto and Wolfe, 2007) as to minimize exposure to the OPW. 
Common reed is native to the area surrounding the potential site for building a 
full-scale CWTS based on results from the pilot-scale study.   It is widely us d in 
constructed wetlands (Cooper et al., 1996; Vrhovsek et al., 1996; Vymazal et al., 1998; 
Kadlec et al., 2000) due to its tolerance of high metal concentrations, salinity, and a wide
range of soil conditions (Oliveira et al., 1999).  Although common reed is considered 
noxious and invasive in some areas, planting and maintaining the plants in this area 
should not jeopardize the existing ecology.  The cost of obtaining and transporting the 
plants during construction of the full-scale system is greatly reduced due to local 




3.4.2.4  Free Water Surface Series 
3.4.2.4.1  Hydraulic Design  
 Net water flow in the free water surface cells was horizontal.  Water was 
transferred between the FWS cells by a 2.5-cm diameter PVC pipe attached horizontally 
to the ends of each cell.  The PVC pipe served to maintain a constant water height of 15 
cm above the hydrosoil in each cell.  Approximately 150 liters of water per cell was 
needed to provide adequate water column above the sand surface. 
3.4.2.4.2  Hydrosoil 
 The FWS cells were filled to a depth of 36 cm with coarse, well-sorted, quartz 
sand obtained from 18 Mile Creek near Clemson, South Carolina.  In a study by Kanagy 
et al. (2008b), hydrosoil from the same location was tested for particle size, Eh, pH, 
organic matter content, and acid volatile sulfide concentration.  The measured organic
content of the hydrosoil ranged from <1 to 3% (Kanagy et al., 2008b).  Based on the 
volume of hydrosoil and the volume of water required to fill each cell, approximate 
calculated porosity of the hydrosoil was 24%. 
The FWS cells were designed to promote a range of conditions favorable for 
oxidation and, with sufficient organic content, reduction.  The sand selected as hydrosoil 
for the FWS cells has been shown to successfully promote sulfate reduction with 
sufficient availability of organics (Ye et al., 2003; LeDuc and Terry, 2005; Murray-Gulde 




3.4.2.4.3  Macrophyte 
 The FWS cells were planted with Typha latifolia (broadleaf cattail).  Large cattail 
aggregates with rhizome connections were planted to yield an average shoot density of 30 
shoots/m2.  Cattails demonstrate proficiency for internal gas transport (Brix et al., 1992; 
Bendix et al., 1994) to oxygenate the extensive root zones, thus promoting oxidizing 
conditions in the hydrosoil (Kanagy et al., 2008b).   The broadleaf cattail has been shown 
to be particularly tolerant towards metal contamination (McNaughton et al., 1974; Taylor 
and Crowder, 1983; Ye et al., 1998).   
3.4.3 Monitor System Readiness 
 
3.4.3.1  Redox 
Eh ranged from -538 to +576 mV among values measured weekly for 109 days 
(Figure 3.4).  Redox values for SSF series 1 stabilized near +50 mV for Cell A, -50 mV 
for Cell B, -50 mV for Cell C, and +300 mV for Cell D.  For SSF series 2, redox values 
stabilized at approximately +400 mV for Cell A, -50 mV for Cell B, +250 mV for Cell , 
and +450 mV for Cell D (Figure 3.4).  For FWS series, redox values stabilized at -25 mV 
for Cell A, +50 mV for Cell B, -50 mV for Cell C, and -50 mV for Cell D.   
The SSF cells planted with Phragmites australis exhibited conditions that were 
more oxidizing (+100 to +500 mV) than in the FWS cells (-50 to +50 mV).  Oxidation 
occurs at redox potential greater than -50 mV (Rodgers and Castle, 2008).  Therefore, 
redox values targeted to promote oxidation were achieved in all wetland cells.  Eh values 
below -50 mV indicate conditions favorable for sulfate reduction (Brookins, 1988).  It is 
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expected that reducing conditions will be attained in the upstream wetland cells as the 























Figure 3.4: Average Eh potential from four wetland cells.  A) SSF series 1.  B) SSF series 
2.  C) FWS series.  Standard deviation bars are shown.  Detection limit is ±10mV.  Day 0 






3.4.3.2  Plant Shoot Density 
 
 Plant shoot density (Typha latifolia in the FWS cells and Phragmites australis in 
the SSF cells) was measured during the first six months after planting.  Initial shoot 
density in early February was 68 shoots/m2 for SSF series 1, 71 shoots/m2 for SSF series 
2, and 28 shoots/m2 for FWS series (Figure 3.5).  By August, shoot density was 260 
shoots/m2 for SSF Series 1, 250 shoots/m2 for SSF Series 2, and 60 shoots/m2 for FWS 
Series.  Shoot density of Phragmites australis in the SSF cells more than quadrupled and 
Typha latifolia in the FWS cells doubled.  Small deviations from the trend of increasing 
shoot density during time are attributed to minor occurrences of small white flies 
observed on the plants.  Other potential factors include temperature fluctuations in the 














Figure 3.5: Shoot densities measured during acclimation period.  A) Phragmites australis 
for SSF series 1.  B) Phragmites australis SSF series 2.  C) Typha latifolia in FWS series. 





3.5 Discussion and Conclusions 
A pilot-scale constructed wetland treatment system (CWTS) was designed and 
constructed for decreasing the concentrations of COCs in OPW from a site in Africa.  
Using water quality guidelines for irrigating crops and watering livestock, the following 
were identified as COCs: oil and grease, zinc, nickel, iron, manganese, fluoride, and 
phosphorus.  Based on water quality guidelines compiled  previously during a related 
investigation, target concentrations for the treated water should be less than: 35 mg/L oil 
and grease, 1 mg/L zinc, 0.01 mg/L nickel, 0.2 mg/L iron, 0.02 mg/L manganese, 1 mg/L 
fluoride, and 0.05 mg/L phosphorus.  By achieving these guideline concentrations, the 
treated water can potentially be used to irrigate crops and water livestock.   
The pilot-scale CWTS was designed specifically for treating the produced water 
studied.  Design of the system was based on creating conditions required to promote 
specific biogeochemical processes for transforming or transferring COCs in the OPW to 
attain targeted levels.  Effectiveness of processes for treating oil and grease in the OPW 
depends on availability of sorption sites, rate of degradation of sorbed oil and grease, and 
rate of replenishment of sorption sites and microbial activity (Ojeda et al., 2008; Rodgers 
and Castle, 2008).  Degradation rate of oil and grease depends upon the rate at which 
oxygen is supplied to the sorption sites.  Wetland cells for SSF series consisted of a two 
layer hydrosoil of pea gravel and medium-sized gravel and were planted with Phragmites 
australis to provide sorption sites and support oxidation.  Organic matter (sorption sites) 
of the hydrosoil is replenished by detritus from plant die-off and can be increased by 
adding organic material as an amendment to the hydrosoil.  As oil and grease in the 
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produced water enters the system for treatment, the oil and grease are expect d to sorb 
readily onto available sites including the hydrosoil and plant roots.  In addition, the 
upstream cells are expected to become reducing in response to the increased oil and 
grease content, thus resulting in sulfate reduction to produce sulfides which combine with 
cations (e.g., Zn and Ni) to precipitate minerals.  The system is designed for oil and 
grease content to decrease as the water moves through the system, resulting in oxidizing
conditions in downstream cells.  Remaining metals (e.g., Mn and Fe) will be transfer ed 
to the solid phase under oxidizing conditions.   
The system is designed for the control of organic content by the rate of oil and 
grease input to the system, as well as organic carbon content of the hydrosoil.  The rate of 
oil and grease input to the system depends upon oil and grease concentration in the 
inflow water and can be controlled by inflow pumping rate (i.e., hydraulic retention 
time). During treatment, parameters (e.g., hydraulic retention time and organic content of 
the hydrosoil) can be adjusted as needed to promote the biogeochemical conditions 
required for optimal treatment performance (Figure 3.6).  Redox potential and tretment 




































Figure 3.6: A) Targeted conditions and treatment process in wetland cells of the pilo -
scale CWTS. B) Scenario 1, in which adjustments are needed to achieve reducing 
conditions in wetland cells 1 and 2. C) Scenario 2, in which adjustments are needed to 
achieve oxidizing conditions in wetland cells 3 and 4.  Assumes constant concentration of 
constituents in inflow water.  HRT = hydraulic retention time. 
 
Redox measurements during the monitoring period indicated oxidizing conditions 
were achieved in both SSF and FWS cells, and plant shoot density quadrupled in SSF 
cells and doubled in FWS cells.  Once shoot density and redox data stabilized, it was 
concluded that the system was ready to treat simulated OPW.  The data collected during 
Reducing Reducing Oxidizing Oxidizing Inflow Outflow 
Cell 1 Cell 2 Cell 3 Cell 4 
Process: sulfate reduction and 
transfer of metals to solid phase 
Process: biodegradation of oil & 
grease and transfer of metals to 
solid phase 
Oxidizing Oxidizing Oxidizing Oxidizing Inflow Outflow 
Cell 1 Cell 2 Cell 3 Cell 4 
Adjustments to achieve targeted conditions: 1) Increase inflow rate 
(pumping rate), which decreases system HRT and increases rate of 
organic input (dissolved phase oil & grease); 2) Add organic carbon 








Cell 1 Cell 2 Cell 3 Cell 4 
Adjustments to achieve targeted conditions: 1) Decrease inflow rate 
(pumping rate), which increases system HRT and decreases rate of 
organic input (dissolved phase oil & grease); 2) Increase oxygen input 
to cells 3 and 4, which can be accomplished by aeration.  
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performance evaluation will be used to help design a full scale CWTS at the specific 
oilfield site in Africa.     
The main advantages of SSF wetlands over FWS wetlands are minimization of 
water lost due to evaporation, odor, human and animal exposure to the wastewater during 
treatment, and insect-vectors (Reed, 1993).  In some cases, climate, short supply of 
potable water, and malaria and other diseases may make the SSF wetlands a more 
desirable option for treatment of OPW.  The arid condition typical of large regions in 
Africa results in high evaporation rates of surface waters.  With less water exposed on the 
surface, a subsurface system should experience less evaporation, which may interfere 
with treatment by altering biogeochemical conditions, than a FWS system.  In addition, a 
SSF wetland planted with Phragmites australis can help discourage wildlife and people 
from direct contact with the water.  A subsurface system minimizes exposed wat r that 
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An interactive and versatile compiled water reuse database (CWRD) was created 
as a screening tool for water reuse decisions based on water characteristics and reuse 
guidelines for irrigation, livestock, aquaculture, and drinking.  The CWRD includes an 
automatic comparison of the user data with guideline values for 50 water quality 
parameters.  Specific applications of the CWRD to decision analysis include identifying 
constituents of concern (COCs), determining target concentration levels, and assessing 
suitability of treated water for reuse.  With regards to decision making, this inve tigation 
also focused on assessing water quantity for application to water reuse, whereby 
calculations for selected crops and countries were made to illustrate this approach.  The 
quantity of water needed for crop production was calculated to give an estimat of the 
potential yield from reusing treated water for irrigation.   
A pilot-scale constructed wetland treatment system was designed and constru ted 
for decreasing the concentrations of COCs in oil produced water (OPW) from a site in 
Africa.  Using water quality guidelines for irrigating crops and watering livestock that 
was compiled in the searchable database (CWRD), the following were identified as 
COCs: oil and grease, zinc, nickel, iron, manganese, fluoride, and phosphorus.  Based on 
water quality guidelines, target concentrations for the treated water should be less than: 
35 mg/L oil and grease, 1 mg/L zinc, 0.01 mg/L nickel, 0.2 mg/L iron, 0.02 mg/L 
manganese, 1 mg/L fluoride, and 0.05 mg/L phosphorus.  By achieving these guideline 
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concentrations, the treated water can potentially be used to irrigate crops and water 
livestock.   
Design for the pilot-scale constructed wetland treatment system (CWTS) was 
based on creating the conditions required to promote specific biogeochemical processes 
for transforming or transferring COCs in the OPW to attain targeted levels.  Wetland 
cells for subsurface flow series (SSF) consisted of a two layer hydrosoil of pea gravel and 
medium-sized gravel and were planted with Phragmites australis to promote conditions 
favorable for sorption and activity to support oxidation.  Redox measurements indicated 
conditions favorable for promoting oxidation in SSF and free water surface (FWS) cells.  
During the monitoring period, plant shoot density quadrupled in the SSF cells and 
doubled in the FWS cells.  Once the plant filled in and redox stabilized, it was concluded 
that the system was ready to treat simulated OPW.   
The system was designed specifically for treating the produced water studied.  
Parameters (e.g., hydraulic retention time and organic content of the hydrosoil) can be 
adjusted as needed to promote the biogeochemical conditions required for optimal 
treatment performance.  Redox potential and treatment performance can be monitored to 
determine if targeted conditions are present.  Oxidizing conditions are required for 
biodegradation of the oil and grease fraction, and these conditions were achieved in SSF 
wetland cells as designed.  As oil and grease in the produced water enters the system for 
treatment, upstream cells are expected to become reducing in response to the increased 
organic content, thus resulting in sulfate reduction and transferring of metals from the 
aqueous phase to the solid phase.  The system is designed for the control of organic 
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content by the rate of oil and grease input to the system, as well as organic carbon content 
of the hydrosoil.  The rate of oil and grease input can be controlled by inflow pumping 
rate (i.e. hydraulic retention time) and oil and grease concentration in the inflow water.  
Organic carbon content of the hydrosoil is replenished by detritus from plant die-off and 
can be increased by adding organic matter as an amendment to the hydrosoil.  The system 
is designed for oil and grease content to decrease as the water moves through the system, 
resulting in oxidizing conditions in downstream cells.  Remaining metals (e.g., Mn and 
Fe) will be transferred to the solid phase under oxidizing conditions.   
For many African countries, the climate, short supply of potable water and 
diseases like malaria make the SSF wetlands a more desirable option for treatment of 
OPW.  The arid condition typical of large regions in Africa results in high evaporation 
rates of surface waters.  With less water exposed on the surface, a subsurface system 
should experience less evaporation, which may interfere with treatment by altering 
biogeochemical conditions, than a FWS system.   
A pilot-scale CWTS was successfully designed and constructed to assess 
treatment of a specific oilfield produced water.  Based on the data collected, the system is 
poised to evaluate treatment performance.  The data collected during performance 
evaluation will be used to help design a full scale CWTS for the treatment of an African 


















Plant Shoot Density [shoots per m2] 
 
 
Table A.1: Plant Shoot Density [shoots per m2] for the two subsurface flow series (SSF) 









Date SSF1A SSF1B SSF1C SSF1D SSF2A SSF2B SSF2C SSF2D 
2/9/2007 74 65 66 66 65 72 74 71 
2/13/2007 74 75 77 106 98 82 82 98 
2/14/2007 74 88 82 121 110 92 112 103 
2/21/2007 91 104 94 139 140 98 119 112 
2/23/2007 101 103 101 137 110 98 104 112 
2/26/2007 94 101 98 133 113 100 113 103 
2/27/2007 94 101 98 133 113 100 113 103 
3/2/2007 94 98 103 136 127 97 121 76 
3/6/2007 97 79 112 130 124 97 121 97 
3/8/2007 97 82 112 145 115 91 121 103 
3/12/2007 100 94 103 124 118 91 124 100 
3/14/2007 100 85 103 118 115 94 115 97 
3/20/2007 79 103 106 127 112 94 121 112 
4/3/2007 121 118 115 136 130 106 142 118 
4/21/2007 157 127 127 154 142 121 163 121 
5/23/2007 172 194 161 215 172 172 269 291 
6/11/2007 205 291 226 237 194 161 215 258 
7/20/2007 269 301 280 366 248 226 377 323 
8/30/2007 291 237 172 280 237 151 334 269 
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Table A.2: Plant Shoot Density [shoots per m2] for the free water surface flow series 
(FWS) planted with Typha latifolia measured from Feb. 9, 2007 to Aug. 30, 2007. 
 
Date FWSA FWSB FWSC FWSD 
2/9/2007 26 30 33 24 
2/13/2007 45 57 56 51 
2/21/2007 18 35 42 35 
2/23/2007 32 53 42 20 
2/26/2007 21 48 60 39 
2/27/2007 21 48 60 39 
3/2/2007 24 50 53 41 
3/6/2007 30 53 57 41 
3/8/2007 29 53 56 41 
3/12/2007 32 56 56 42 
3/14/2007 32 54 57 44 
3/20/2007 35 53 59 44 
4/3/2007 36 53 59 44 
4/21/2007 32 54 62 45 
5/23/2007 30 51 60 50 
6/11/2007 36 69 68 66 
7/20/2007 38 75 75 63 






Figure B: Redox probe assignments for each cell in the three series of the pilot-scale   

















Table B: Redox data [mV] for the two subsurface flow series (SSF) and one free wat r  
               surface series measured from May 20, 2007 to Sept. 6, 2007. 
 
Probe 
# 20-May 28-May 5-Jun 11-Jun 17-Jun 27-Jun 12-Jul 
1 136 -102 96 82 68 52 64 
3 -19 -262 -14 -49 -64 -80 -78 
4 144 -315 -58 84 -2 34 -169 
5 -52 298 532 552 536 539 554 
6 271 -219 -159 -167 -169 -177 -168 
7 556 -246 458 -80 -100 -112 -70 
8 102 -156 27 27 -6 -63 14 
9 -67 296 329 542 550 295 549 
10 -58 23 509 14 -142 -65 386 
11 12 -480 -209 -237 -220 -240 -218 
12 -58 13 241 211 246 211 538 
13 -36 -263 -22 25 -18 -33 -6 
14 75 98 457 161 134 115 305 
15 129 -190 -139 18 -180 -3 45 
16 152 -42 142 100 42 22 18 
17 -7 100 464 274 470 34 26 
18 159 29 252 107 150 361 493 
19 -49 -232 66 -37 21 -11 15 
20 149 106 207 2 -6 -25 39 
21 139 -245 -10 187 -46 -68 6 
22 288 103 437 449 356 474 120 
23 140 -110 20 77 17 -67 12 
24 105 -212 22 -23 -21 -30 11 
















Table B (continued) 
 
Probe # 20-Jul 31-Jul 7-Aug 16-Aug 23-Aug 30-Aug 6-Sep 
1 106 26 -3 -14 37 8 36 
3 -70 -119 -115 -104 -60 -34 -22 
4 -200 -59 -86 -107 -103 -482 -138 
5 518 556 553 576 563 556 548 
6 -193 -63 -57 -187 -179 -187 -127 
7 -122 -68 -75 -101 -109 286 -98 
8 -48 -64 -58 -84 -31 -79 -100 
9 322 431 418 424 426 365 484 
10 323 545 536 563 525 394 511 
11 -93 -149 -126 -156 -93 -75 -65 
12 348 512 495 548 547 540 557 
13 -63 -46 -53 -62 -14 -33 -14 
14 120 311 304 286 299 494 394 
15 -31 47 27 13 35 11 6 
16 14 12 34 -9 -18 -538 -5 
17 50 53 66 40 78 40 295 
18 496 382 396 414 319 507 540 
19 16 -11 -36 -26 21 -20 47 
20 17 180 171 167 246 260 379 
21 -50 20 12 -11 101 -32 144 
22 109 206 188 164 350 192 407 
23 1 28 31 8 46 169 281 
24 55 33 21 8 35 19 27 











Standard Operating Procedure 
 
TITLE: METHOD FOR MEASURING OXIDATION-REDUCTION 
POTENTIAL OF HYDROSOIL IN A CONSTRUCTED WETLAND 
TREATMENT SYSTEM 
 





Oxidation and reduction (redox) reactions mediate the behavior of many chemical 
constituents in wastewaters. The reactivities and mobilities of important elements in 
biological systems, as well as those of a number of other metallic elements, depend 
strongly on redox conditions. Like pH, Eh (redox) represents an intensity factor; it d es 
not characterize the capacity of the system for oxidation or reduction. Measurements are 
made by potentiometric determination of electron activity (or intensity) wi h an inert 
indicator electrode and a suitable reference electrode. Electrodes ma  of platinum are 
most commonly used for Eh measurements. This protocol describes the method used to 
measure redox in the hydrosoil of a constructed wetland treatment system. 
 
2.0        HEALTH AND SAFETY 
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all 
times. 
 
3.0        PERSONNEL/TRAINING/RESPONSIBILITIES 
 
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure. 
 
4.0  REQUIRED AND RECOMMENDED MATERIALS 
 
4.1 Supplies 
Potassium ferrocyanide, K4Fe(CN)6•3H2O 
Potassium ferricyanide, K3Fe(CN)6 
Potassium chloride, KCl 
 
4.2 Equipment 
pH or millivolt meter 
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Reference electrode 




Prepare ZoBell’s standard redox solution by adding 1.4080g potassium ferrocyanide, 
1.0975g potassium ferricyanide, and 7.4555g potassium chloride to 1000 mL of Milli-Q 
water at 25oC. These measurements must be as accurate as possible to result in a reliable 
solution. When stored in dark plastic bottles in a refrigerator, this solution is stable for 
several months. 
 
Follow the manufacturer’s instructions for using the pH/millivolt meter and in preparing 
electrodes for use. Immerse the reference electrode connected to the millivolt eter and 
the redox indicator electrode (platinum tip end) in the gently stirred, standard solution in 
a beaker. Connect the millivolt meter to the end of the indicator electrode opposite the 
platinum tip. Allow several minutes for electrode equilibration then record the reading to 
the nearest millivolt. If the reading is within ±10mV from the theoretical redox standard 
value at 25oC (+183mV), record the reading. The indictor electrode is ready for 
placement in the hydrosoil. If the reading is not within ±10mV, the indicator electrode 
must be re-made. 
 
Place the indicator electrode’s platinum tip approximately four inches deep into the 
sediment making certain it is not near the plant roots. Secure the electrode with cable 
ties. Allow the electrode to equilibrate for 24 hours prior to taking any readings. When 
measuring redox potential of the hydrosoil, place the reference electrode approximately 
four inches deep into the sediment. Be sure that the reference electrode is not placed 
directly next to a plant root. Connect the millivolt reader to the end of the indicator 
electrode opposite the platinum tip. Record the redox potential in mV. Repeat a second 
time by placing the reference electrode in another location in the hydrosoil. Successive 
readings that vary less than ±10mV over 10 minutes are adequate for most purposes. 
Adjust the reading according to field corrections and electrode calibration correcti ns. 
 
Example: The field redox measurement of a hydrosoil was -206mV. When the 
electrode was initially calibrated in the lab, the redox reading was +193mV, which is 
+10mV difference from the theoretical redox standard value of +183mV. The field redox 
measurement must be corrected for this difference by subtracting 10mV fro  -206mV. 
This gives a redox measurement of -216mV. The standard correction factor for field 
redox measurements for the millivolt reader is +240mV. Therefore, this correcti n factor 
is added to the redox measurement of -216mV to yield a final redox measurement of 
+24mV. 
 
                     Eh system = Eh observed + Eh reference standard – Eh reference observed + Eh field correction 
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                         Eh system = -206mV + 183mV – 193mV + 240mV 
6.0     QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
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Compiled Water Reuse Database (CWRD) 
 
The CWRD is a Microsoft Excel spreadsheet which can be found in the electronic 
appendix as a supplemental file. 
